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Abstract 
The platinum complex [Pt(4-CO2CH3-py)2(mnt)1 was synthesised and characterised. 
The acid analogue [Pt(4-0O 2H-py)2(mnt)] was also prepared and tested in a dye-
sensitised solar cell. An IPCE of 0.5 % at 450 mu and a recombination half-life of 3.0 
x 10-2 s were obtained. These results were compared to the previously studied 
[Pt {4,4'-(CO21-1)-2,2'-bipy} (mnt)J and [Pt {3,3 '-(CO 2CH2CH3)-2,2'-bipy} (mnt)] 
platinum dyes to see the influence of replacing the commonly used 2,2'-bipyridine 
ligand with two substituted pyridine ligands. An alternative [Pt(diimine)(dithiolate)J 
complex, [Pt(4-CO2R-py)2(dmit)], (where R = H and CH3) was also synthesised, 
characterised and tested in a solar cell and had an IPCE of 0.7 % at 450 mu. 
The nitropyridine platinum complex [Pt(4-NO 2-py)2(mn0] was prepared, 
characterised and tested in a solar cell. The intro group replaced the more common 
acid linker group that binds a sensitiser to titania. This dye did sensitise to T102 but 
not as effectively as the acid groups and was easily desorbed. An IPCE of 0.6 % at 
450 rim was obtained. 
The complex [Ru(4-CO 2R-py)4Cl2] (where R = H and CH3) was synthesised, 
characterised and tested in a solar cell. This ruthenium-pyridyl complex gave high 
extinction coefficients in the visible region of 25,000 and 17,000 M 1 cm'. These are 
higher than those seen from N3. The solar cell for this compound gave i = 5.8 x 10 3 
% and an IPCE of 1.6 % at 420 rim. 
All dyes were fully characterised by electrochemistry, spectroelectrochemistry 
(UV/Vis/nlR, EPR) and computational methods. 
Substituted pyridines with the general formula n-X-py, where X = NO2, CO2H, CN, 
CO2CH3, CO2CH2CH3, Ph, NH2 or CHO and n = 2, 3 or 4, were studied using 
electrochemistry and the effect of substitution group, substitution position and 
complexation to a metal centre on their E 112 potentials was determined. The effect of 
different solvents, and of water, on this potential was also investigated. Various 
solvent parameters were interrogated to try and rationalise the solvent effect observed. 
viii 
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Chapter 1 Introduction 
1.1. 	The Energy Crisis 
With dwindling world supplies of fossil fuels and growing concerns about climate 
change, it is becoming more important to find practical, renewable and 
environmentally friendly energy sources to accommodate our increasing power 
demands. Global energy consumption per year is around 12 TV and it has been 
estimated that an extra 14-20 TW is going to be required worldwide by 2050. Current 
energy production methods are not sufficient to provide this increase so additional 
technology will have to be used. However, this is not a simple task. Even if we 
exploit all available agricultural land for biomass energy; dam all possible rivers for 
hydroelectric energy; build wind farms in every feasible location and build 8000 
nuclear power stations, we still only just generate enough energy to cover this 
additional demand let alone the replacement of fossil fuel-generated power. The 
long-term answer must be to capitalise on an inexhaustible and free energy source: 
the sun. 3 
According to calculations, "The energy of less than 10 min of sunshine on the planet 
Earth is equal to the total yearly human energy consumption'" so developing solar 
technologies to make the most of this free and abundant energy could help to combat 
the energy crisis. Solar power does not produce CO2 emissions, like coal and 
uranium ore mining would; create nuclear waste nor endanger wildlife or blemish the 
scenery as wind farms or hydroelectric dams could be accused of doing. 
Seven times more solar rays fall on a typical building than the energy these rays 
could produce within it during a day. 5 If the building could be covered with solar 
cells, each building could generate its own electricity. The demand for electricity is 
highest during daylight hours when the sun is shining and available. However, 
practical storage solutions could also enable some of this generated electricity to be 
saved for non-daylight hours. Solar energy also penetrates cloud; otherwise we 
I 
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would not be able to see anything on a cloudy day, allowing solar cells to work in 
dull weather. In fact many cells work better under the diffuse light of a dull day than 
they do in direct sunlight. Various photovoltaic systems have been devised over the 
years to allow solar energy conversion into electricity. The main types are described 
in Section 1.2. 
1.2. 	Solar Cells 
1.2.1. 	History of Solar Cells 
The first realization that solar energy could be used as a power source came in the 
late 19th  century when selenium was discovered to convert sunlight into electricity. 6 
Over fifty years later, an experiment attempting to improve conductivity of silicon 
transistors unexpectedly generated 5 % more electricity than the best selenium 
materials had to that dale. This breakthrough was accomplished using intentionally 
contaminated silicon and thus the silicon solar cell was born. 
The single-crystal silicon cell has a p-n junction where silicon doped with Group V 
elements creates an n-type semiconductor which has an extra electron to donate to a 
p-type semiconductor (silicon doped with Group III elements) acting as an electron 





Figure 1.1 Schematic of a single-crystal silicon cell 
Unfortunately, the newly developed silicon solar cell was very expensive for use in 
most applications. It was not until the advancement of space exploration that the 
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benefits of solar power became noticed. Fitting solar panels onto satellites and 
spaceships allowed a continuous power supply for long periods of time when 
standard batteries would have expired. Since then, new ways of processing the 
silicon cells have rendered them cheaper, enabling them to challenge other power 
sources. Now solar panels can be installed in remote locations on earth where 
distances are too far and costs too great for other power lines and sources to be used. 
Silicon solar cell performance has come on apace since they were first discovered in 
the 1950s, obtaining energy conversion efficiencies of up to 21 %6  However, other 
cells have been developed that can reach much higher efficiencies. GaAs and CdTe 
materials are isovalent with silicon when in a 1:1 ratio. If this ratio is altered slightly, 
the material is effectively being doped and will give an electric field, allowing the 
generation of electricity. These materials also have a direct (or symmetry allowed) 
band gap in the visible region that can therefore allow them to be made into thinner 
films without hampering light absorption, therefore decreasing charge transport 
problems within the cell. Silicon's indirect (symmetry forbidden) band gap means 
that thicker layers need to be used to enable more light to be absorbed. This makes 
them less efficient and / or more expensive. 
The cells described so far only have one band gap energy, or a single-junction, which 
means the material can only absorb at a certain wavelength or higher. It is then 
necessary to find a balance between optimising the open-circuit voltage by using a 
larger band gap and optimising the short-circuit current by using a smaller band gap. 
Both affect the performance of the cell (see Section 1.3.3). However, solar cells 
consisting of several different layers - each one with a different band gap - allow 
more thorough absorption of visible light without having to make this performance 
sacrifice. These are known as multi-junction solar cells. Examples include 
GaAs/GaInP and GaInP/GaAs/Ge materials. The best of these has reached 
efficiencies of 32 % but expensive production means the initial outlay of purchasing 
them is so large that it takes years to reap the benefit. This has hampered the spread 
of an otherwise attractive energy source. New and cheaper excitonic solar cells have 
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therefore been invented with the hope that they can allow solar energy to be a 
feasible source for the world's increasing energy demand. These are described 
below. 
1.2.2. 	Excitonic Solar Cells 
Solar cells based on excitonic mechanisms have been developed. These differ from 
the silicon cells as they separate the light absorption and charge generation steps in a 
similar manner to the way nature does in the process of photosynthesis. 
1.2.2.1. 	Bulk Heterojunction 
Bulk heterojunction solar cells use blends of hole-accepting and electron-accepting 
materials such as polymer chains, fullerene and inorganic metal oxides like ZnO 
sandwiched between the electrodes, which produce a current when excited by 
sunlight. The mechanism is shown in Figure 1.2. Sunlight energy is absorbed by an 
acceptor (A) and an electron is promoted to a higher energy level. The hole now 
generated in the HOMO is then filled by an electron from a higher energy level in the 
donor (D) at the donor-acceptor interface. A charge separation leading to cell 
potential is achieved. 
£ 
- 	1 + I 	- I 
A 	D 	 A 	D 
Figure 1.2 Donor-Acceptor mechanism in Bulk Heterojunction Solar Cells. 
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Unfortunately, although cheap to make, only efficiencies of 5 % have so far been 
achieved for these, which if they were commercialised would drop closer to 2 %. The 
best polymer blend cells so far found have incorporated the donating poly(3-
hexylthiophene) (P3HT, Figure 1.3) compound blended with the [6,6J-phenyl-C61-
butyric acid methyl ester (PCBM) acceptor. 
C6H11 
((5) 
Figure 1.3 Structure of P3HT. 
A limitation of these bulk-heterojunction polymer blend cells is the charge mobility 
within the system. The bi-layered cell needs to be between 100 and 200 rim thick in 
order to absorb all incident light but if excitons need to move more than I Onm to 
reach the electrode interface, they are lost through relaxation and do not reach it. 
This exciton diffusion factor needs to be addressed to allow these cells to show more 
promise. One possible method is to control the blend morphology so that excitons are 
generated close to an interface but the journey to the electrode is short and direct. 
1.2.2.2. 	Dye-Sensitised Solar Cells (DSSCs) 
In 1991, Michael Graetzel and co-workers 7 ' 8 reported the development of another 
type of excitonic solar cell with a low production cost and showing efficiencies of up 
to 11 %. This new cell is a DSSC, also known as a Graetzel cell. One advantage 
these cells have over the bulk heterojunction cells mentioned above is that the 
excitons are generated at the interface so transport problems do not feature in the 
charge separation. Over the past 14 years, much research has been carried out and is 
still ongoing in the hope of making this cell functional in everyday life. As research 
on this type of cell provides the basis of this thesis, more in-depth detail on DSSCs 
can be found from Section 1.3 onwards. 
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1.3. 	Dye Sensitised Solar Cells 
1.3.1. 	Mechanism 
The general set-up of a DSSC consists of a light-harvesting dye molecule bound to a 
semiconductor surface (Ti02) which is connected to a Pt counter electrode via an 
external circuit. 4 The redox couple 13/ I, in a solvent such as acetonitrile, completes 
the cell. Figure 1.4 summarises this system. The dye is excited by incident solar 
radiation which leads to electron transfer to the Ti02 via the bound linker ligands, 
often carboxylic or phosphoric acid groups. The rate, k,, of this step is fast at up to 
1013 s'. 9 The electron then migrates through the titania to the conducting glass plate 
at a rate of 10-10 0  s', k3. Subsequent re-reduction of the dye by the redox 
electrolyte, k2 (Ca. 108  s 1), and then re-reduction of the redox electrolyte at the 
counter electrode, k4, completes the charge separation and the dye is back in its 
ground state ready to absorb more energy. The whole process causes a charge 
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Figure 1.4 An energy diagram of a Dye-Sensitised Solar Cell. 
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1.3.2. 	Loss Mechanisms 
When the dyes have been synthesised and characterised they can be tested in a solar 
cell to see what power output and efficiencies they can achieve. Part of the process of 
improving these cells is to try and eliminate the loss mechanisms that occur in the 
cell. The three main ones are shown in Figure 1.5 and involve radiative or non-
radiative decay, of the excited state dye back to the ground state before electron 
injection to T102 has occurred (1) recombination of the electron with the dye once it 
has reached the semiconductor conduction band (2) and reaction of the electron with 
the 13/ F redox electrolyte, known as the dark current (3). Cell and dye designs are 
focussed on attempting to reduce the reaction rates k5, Ic6 and k 7 of these pathways so 











Figure 1.5 The three main loss mechanisms thin a DSSC. 
A key pathway to eliminating loss mechanisms in the Dye-Sensitised Solar Cell is to 
obtain favourable kinetics between the wanted and unwanted processes. Currently, 
electron injection often occurs on picosecond timescales but Haque et al' ° 
investigated whether such fast dynamics are actually needed for the cell to work 
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efficiently. They tested the well-performing dye N3 (See Section 1.4.3.) and its di-
tetrabutyl-ammonium salt (known as N719) and compared cell performance with 
charge separation times. N719 injected an excited electron into the semiconductor 
much slower than N3 did but still showed a better performance. This was due to a 
reduced recombination rate of the electron with the dye and suggests that as long as 
the injection rate is just fast enough to be the favourable pathway then electron 
injection still occurs with near unit efficiency. In fact, optimum performance seems 
to require minimisation of the "kinetic redundancy" produced when injection occurs 
too quickly. 
1.3.3. 	Performance Parameters 
The performance of the Dye-Sensitised Solar Cell is described using the parameters: 
i) Incident Photon-to-Current Efficiency; ii) Open-circuit Photovoltage; iii) Short-
circuit Current; iv) Fill Factor and v) Overall Cell Efficiency. Each parameter is 
collected and calculated when the cell is tested and are described below. 4 
1.3.3.1. 	Incident Photon-to-Current Efficiency (IPCE) 
The Incident Photon-to-Current Efficiency is a measure of how much of the light 
absorbed by the cell is actually converted into current and is defined as the number of 
electrons generated by light in the external circuit divided by the number of incident 
photons as a function of excitation wavelength as shown in Equation 1.1. The higher 
the IPCE is the better. 
IPCE = (1.25 x 10) x photocurrentdensily [mA cm 2 ] 




1.3.3.2. 	Open-circuit Photovoltage (V()) 
'Sc ver Point 
V 	 Voc 
Figure 1.6 I-V plot used to work out power point and fill factor. 
The open-circuit photovoltage is limited by the potential difference between the 
Fermi level of the illuminated electrode and the energy level of the redox electrolyte, 
and equal to the voltage when the current is equal to zero (Figure 1.6). A higher V 
indicates a decrease in recombination and dark current loss mechanisms in the cell. It 
may be related to other parameters using Equation 1. 2, where I,,,, is the flux of charge 
resulted from sensitised injection; flcb  is the concentration of electrons at the T102 
surface and ket is the rate constant for the tniodide reduction. A good V oc value is 
over 600 mV. Measurement of an I-V curve is described in more detail in Section 
2.4.3. 
U( 	" 
V. =—InJ Equation 1.2 e  
1.3.3.3. 	Short-circuit current, (J) 
The short-circuit current is the current when the photovoltage is equal to zero (Figure 
1.6) and it effectively indicates how many photons are converted into electrons. It is 
a good measure of how well the dye intercepts with the solar radiation. It is closely 
related to the IPCE and could also be described as an integration of the IPCE over all 
wavelengths. The N3 dye (Fig l.lOa) gives a good I value of 16.5 mA cm 2 . 
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1.3.3.4. 	Fill Factor 




I and V are the current and voltage measured from the power point on an I-V plot. 
This point is where the product of the two is at a maximum and is indicated in Figure 
1.6. The fill factor is greatly affected by the series resistance within a cell. This is a 
problem when trying to scale up solar cells for practical application where the fill 
factor decreases and the cells show much lower efficiencies. 
1.3.3.5. 	Overall Cell Efficiency (Piceil) 
The overall conversion efficiency of the cell is calculated using Equation 1.4 where L 
is the intensity of incident light falling on to the surface. It is essentially a measure of 
power in versus power out. 
- 
r,,1, - 	 Equation 1.4 
Is 
The efficiency of a cell can also be expressed as in Equation 1.5 where P is the 











1.3.4. 	Main Components of a DSSC 
1.3.4.1. 	The Working Electrode and Semiconductor 
Figure 1.7 Diagram of the semiconductor sensitised with a typical Ruthenium dye. 
The working electrode is the site of sensitisation and electron injection within the 
cell. Nanocrystals of TiO2 are deposited onto conducting glass electrodes and left in 
a solution of dye so sensitiser molecules can adsorb onto the titania surface (Figure 
1.7). T102 is a good material to use as a semiconductor as it is cheap, stable, easy to 
use and has favourable As one molecule does not absorb light over the 
whole area it actually occupies, the anastase (101) structure of Ti02 is usually used 
for its light scattering abilities' 2 and is found to improve efficiency by 500% 
compared to the more stable rutile form. It also adsorbs more of the dye molecules 
onto the surface. Typical T102 particle sizes are 10-30 rim and films are made 10-20 
.tm thick. The semiconductor works best when it has a porosity of 50-65 % as this 
allows the electrons to easily move through the material but there are still enough 
11 
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particles to provide a pathway. The nanoparticles are interpenetrated with redox 
electrolyte. '3 
The TiO2  semiconductor needs to play an efficient role in accepting injected 
electrons from the adsorbed dyes and keeping hold of them in order to conduct them 
to the rest of the cell. Work has shown that a smaller particle size and nanocrystalline 
TiO2 films allow a higher surface area and therefore better light harvesting efficiency 
than a flat surface. 13J4,  Palomares et 
al. 16 have looked at coating the Ti02 particles 
with metal oxide barriers which improve electron injection into the semiconducting 
layer but also minimise the electron's ability to recombine with the dye. Doping of 
the Ti02 layer with aluminium and tungsten has also been studied. 
17  The addition of 
these other metal ions caused changes in the structure which modified powder 
aggregation, charge transfer kinetics within the system and also the way the dye 
adsorbed onto the surface. By doing this, the Al-doped material increased V and 
decreased the short-circuit current, I, while the W-doped titania results were 
reversed. The highest efficiency was actually seen by titania doped with a 
combination of both metals. 
Other metal oxide semiconductors and mixtures have also been explored for use in 
DSSCs.18"9' 20  An encouraging performance from a mixture of tin (IV) and zinc 
oxides has been reported, 2 ' where efficiencies are high (8 %) and comparable to the 
best yet, especially under diffuse light which reached 15 %. This is attributed to a 
reduction in recombination caused by the mixture of oxides. Nb 2O5 has also showed 
promise as a solar semiconductor. 18  
1.3.4.2. 	Electrolyte 
The electrolyte is an important consideration in the cell, not only because it is 
required to regenerate the ground state of the dye but because it can play a dramatic 
role on the spectroscopic and electronic properties of both the adsorbed dye and the 
semi-conductor. The properties and pH of the electrolyte have both been shown to 
12 
Chapter 1 
shift the conduction band of the Ti02 by as much as 300meV which affects the 
electron injection dynamics and consequently the performance of the cell-' 0'22 An 
example is the presence of tert-butyl pyridine in the electrolyte solution which acts as 
a base and lowers the reduction potential of the conduction band thus slowing 
injection'0 . It has also been found that including 1-methylbenzimidazole in a 3-
methoxypropionitrile based electrolyte can raise the conduction band and thus 
improve efficiency. 22  Significant shifts of dye absorptions towards the blue end of 
the visible region have also been seen as an effect of the solvent present. 
23 
Unfortunately, the main solvents used within DSSCs are volatile organic solvents 
which are at high-risk of leaking out of the cell framework; this can encourage 
desorption of dyes and can corrode the platinum counter electrode. 24 These are 
serious problems considering the desire to use these appliances in so many different 
environments. An answer is to replace the liquid electrolyte combination with a 
conducting solid-stale material. Inorganic hole-conducting semiconductors like Cal 
or CuSCN or polymers are possibilities 13  as are plastic crystals like succinonitnle 
(C(CN)H2C(CN)H2) doped with lithium. Here the trans isomer acts as an impurity 
amongst the two gauche isomers which allows high molecular diffusion. Doping 
with lithium allows this material to act as a fast ion conductor over a wide range in 
temperature. Efficiencies over 6.5 % have been reached for this electrolyte. 25 
A popular Hole-Transport Material (HTM) under much investigation is 
SpiroMeOTAD (Figure 1 .8).26  This comparatively small molecule penetrates titania 
pores well compared to conducting polymers and other HTMs, and therefore 
communicates better with the adsorbed dye molecule in order to regenerate the 
ground state effectively. The N(Ph-OMe)z groups sticking out of the molecular 
plane cause this HTM to be amorphous thus eliminating unwanted trap sites found in 




Figure 1.8 Structure of SpiroMeOTAD. 
However, complete replacement of the triiodide/iodide electrolyte system may not be 
necessary. Entrapping this redox couple within a solid-state three-dimensional 
polymer network of polyvinylidenflouride-co-hexafluoropropylene (PVDF-HFP) to 
obtain a gel electrolyte still allowed the ions to diffuse but without the problems 
associated with a liquid. Combined with the hydrophobic dye Z907 (see Section 
1.4.5.) in a solar cell an overall efficiency of 6.1 % was achieved, and good 
performance persisted under high temperatures and intense lighting conditions. 24 
An interesting consequence of the development of solid-state cells and hole transport 
materials is the move into making flexible solar cells. Using plastic substrates to hold 
the sensitised Ti0 2 film could allow these cells to be installed on curved surfaces or 
even rolled up and transported around. These cells are a relatively new area of 
investigation but several groups have reported their work. 27,28 
1.3.4.3. 	Sensitising Dye 
The sensitising dye is the location of light absorption and charge separation. It is 
attached to the semiconductor via linkers and injects its excited electron into it. This 
means that charge separation occurs at the electrode so charge mobility problems 
towards an electrode do not feature. In this thesis, dye synthesis and testing has been 
carried out and therefore more detail is required. This is presented in Section 1.4. 
14 
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1.4. 	Solar Cell Dyes 
1.4.1. 	Designing the Dye 
In order to improve the existing DSSCs, research groups tend to concentrate on 
various components of the cell, from the semi-conductor and electrolyte to the 
sensitising dye itself When designing and improving dye compounds for DSSCs, it 
is important to fulfil certain characteristics and requiremenls: 4 
Ideally they would absorb light of all colours i.e. be panchromatic and 
preferably absorb at wavelengths of 920 nm and shorter so that we can make 
the best use of the visible spectrum that reaches the Earth's surface. 
• Ideally the dyes would exhibit high extinction coefficients over the whole of 
the absorbed spectrum to obtain even better efficiencies and to allow thinner 
dye layers within the cell. 29 
• 	The dye needs to be firmly associated to the semiconductor surface, often 
attained using linker groups, so that electron injection occurs. 
• 	The electron injection needs to have a yield of 1. 
• 	The dye needs to be soluble in a suitable solvent in order for it to adsorb onto 
the Ti02 surface. 
• 	The excited state of the dye must be higher in energy than the conduction 
band of the semiconductor to provide a driving force for charge injection. 
• 
	
	The oxidation potential of the dye has to be sufficiently positive to allow it be 
regenerated rapidly by the electrolyte. 
• 	As these dyes are intended to be used in durable applications the compound 
also needs to be stable and able to sustain 108  turnovers when it is 
incorporated into a solar cell. This correlates to 20 years of usage. 
1.4.2. 	Minimising Loss Mechanisms 
An important factor in designing sensitizers is to consider ways of reducing the 
reaction rates of excited-state decay (1), recombination (2) and dark current (3) loss 
15 
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mechanisms described in Section 1.3.2 and Figure 1.5. By doing so, a more efficient 
cell would be the result. These three considerations are looked at, in turn, below. 
Reducing the rate of radiative or non-radiative decay of the excited state is a 
relatively unimportant area to focus on in dye design when trying to increase the 
efficiency of the cell. This is because the electron injection into the semiconductor 
from the excited dye is so rapid (on the picosecond timescale) that any emissive 
sensitizer will be long-enough lived to perform this task. This does mean, 
however, that the range of transition metal compounds that can be considered for 
sensitizing dye applications is limited to the 2  nand 3 rd  rows (an exception is 
Cu(l)), as these are generally the only metals that can fulfil this emission 
requirement. 
Recombination occurs when the electron injected into the semiconductor finds the 
now positively-charged dye molecule before either the electron is transported 
away to the electrode or the dye is regenerated by the redox electrolyte. A strategy 
to impede this process involves creating a bigger charge separation within the dye 
molecule so that the electron finds it harder to recombine with its opposing 
charge. By causing the positive charge to be located in a part of the sensitizer far 
away from the semiconductor surface, the dye is regenerated faster than electron 
recombination with the dye. Two recent dyes intended to employ this plan are 
shown in Figure 1.930,31  and there are many other examples. 32 Both sensitizers in 
Figure 1.9 have triarylamine groups incorporated into their structures which were 
found to hold the cationic charge once electron injection had occurred. As these 
groups hold the positive charge away from the part of the molecule (the COOH 
group) attached to the titania surface, a greater charge separation and slower 
recombination rates were attained compared to analogues without these side 
groups. In the case of N845, recombination was 1000 times slower than in the 
N719 analogue (see Figure 1.1 Ob). An additional strategy to reduce recombination 
is to promote the regeneration of the dye ground state by the redox electrolyte. 
The ground state of the dye is insulating and can not recombine with electrons 
I[11 
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from the T102 once it has been reformed. Favourable energetics create a driving 
force for the regeneration and good communication between the HOMO of the 
positively charged dye and the electrolyte ensures a quick electron transfer to 
inhibit recombination. 
... 
Figure 1.9 A porphyrin dye and N845. 
3. The combination of the injected electron directly with the redox electrolyte is 
known as the dark current. When this happens the circuit of the cell is completely 
bypassed so an electric current is not produced. Possible mechanisms of this 
pathway have been investigated to try and understand the problem. 33 Methods to 
reduce this side-reaction involve blocking layers to stop the redox electrolyte 
approaching the titania surface. Dyes with long hydrophobic groups can 
sometimes do this. 34 However, the blocking cannot be too drastic as the 
electrolyte still needs to reach the dye molecules attached to the titania surface. 
1.4.3. 	Research Into Ruthenium 
Ruthenium (II) complexes have been the most successfully used metal complexes for 
semiconductor sensitisation, in particular those containing polypyridyl components. 35 
These compounds absorb intensely over the visible region, have long excited-state 
lifetimes and are reversibly oxidised at the appropriate potential . 36 When the dye 
absorbs sunlight, an electron from the HOMO (usually based on the Ru-L'2 centre, 
e.g. L' =  4,4'-(CO2H)2-2,2'-bipyridyl) is excited to the LUMO which consists of the 
orbitals on the bound bipyridine ligand. The ligand redox characteristics can 
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easily be tuned and refined using substituents and modifications to both the 
anchoring and ancilliary ligands." Adding electron-withdrawing and electron 
donating substituents on to the polypyridyl ligands decreases and increases the 
energy of the ir orbitals respectively. 
One of the best Ruthenium complexes for use in a Dye Sensitised Solar Cell to date 
is [Ru(4-4'-CO2H-2,2'-bipy)2(NCS)21, also known as N3 (Figure 1.1 Oa), which has 
shown cell efficiencies of up to 10 %•37  However, even better performance has been 
accomplished with N719 (Figure l.lOb) which only carries two protonated acid 
groups compared to N3's four. This improvement has been attributed to the influence 
of protons Within the system. Upon adsorption, protons present in the anchoring 
group transfer to the TiO2 surface and give it a positive charge. This enhances 
adsorption of the sensitiser and encourages electron injection, increasing L, but also 
lowers the Fermi level of the semiconductor and ultimately gives a lower open-
circuit potential (V). If no protons are present, a higher V)C but a lower I is 
expected. A balance needs to be found . 38 N719 semi-deprotonation allows a higher 
Fermi level and an increased energy gap giving rise to a greater V and fill factor. 
Numerically, N719 showed 680 mV,ff= 68 % and q = 8.4 % compared to N3 
which showed V = 600 mV, if = 65 % and PI = 7.4 %. Deprotonation also blue 
shifted the dye absorption bands but only by 3 nm. 39 
a 	 b 
Figure 1.10 The a) N3 (protonated) and b) N719 (deprotonated) dyes. 
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The position of substituents and linkers is also important and can affect cell 
efficiencies.35' 40 Other ways of tuning complexes to improve various parameters 
include raising the energy of the ruthenium metal t28 orbitals (e.g. by incorporating 
more electron donating ligands like benzimidazole) or by increasing the MLCT 
molar absorption coefficient, for example by using metal terpyridine complexes 4 ' 
d6  systems other than Ruthenium (II) have also shown potential as sensitisers." 
Osmium (II) complexes extend absorption to higher wavelengths but no loss in 
performance is seen because formally forbidden transitions to a triplet stale occur 
with greater intensity than in ruthenium complexes. This means intensity at these 
absorptions is greater than expected and thus overall conversion efficiency does not 
differ from ruthenium. Rhenium (I) compounds exhibit interesting optical and 
geometrical properties that have been worthy of investigation. In particular, 
complexes with a facial geometry allow the orientation of the dye in relation to the 
semiconductor surface to be controlled and this can give rise to interesting electron 
injection dynamics. One other metal that has been probed is Iron(II). An advantage 
of using this element is that is cheap, common and therefore more economical than 
ruthenium. A recent study using density functional theory/ time-dependant density 
functional theory (DFT-TTDFT) looked at how changing the metal ion can affect the 
electronic and absorption properties of a dye. 42. However, the first row metal 
complexes of iron will only have short-lived excited states. 
Platinum (IL) complexes also show potential, especially if they show emissive 
properties. As much of this thesis is based on platinum dyes, their properties and 
suitability to solar cell application are described in more detail in Chapter 3. 
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Figure 1.11 Solar emission spectnun 4 
Figure 1.11 shows a standard intensity spectrum for solar radiation on the earth's 
surface at sea level. It has a maximum at 500 nm but extends over all visible 
wavelengths and into both the ultraviolet and infrared regions. The spectral responses 
of N3 and N719 are inadequate when it comes to making the most of the sun's 
energy as they have low IPCEs in the red and near-infrared regions. 
The cis isomer of N3 shows a maximum absorption around 535 nm. Modifying this 
dye's ancillary ligands through electron-donating and electron-withdrawing groups 
affects the MLCT energy and could provide a wider coverage of the spectrum, but 
this tactic has not so far improved overall efficiency." The positions of the 
substituted groups and anchor groups on the bipyridines can also promote shifts in 
absorption. 40 
However, the trans geometrical isomer of the N3 compound actually extends its 
absorption into the IR region which is highly desired in terms of photovoltaics. 
Unfortunately, this trans isomer is fairly unstable and is thermally and 
photochemically converted to the cis configuration with ease. In order to combat this 
limitation, dye design efforts have looked into constraining ligands that force the 
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complex to stay in its trans form. trans-[Ru(L)(NCS)2], L = 4,4"-di-tert-butyl-4',4"-
bis(carboxylic acid)-2,2':6',2":6",2"'-quaterpyridine, N886 (Figure 1.12), was 
synthesised and tested in a solar cell. N886 showed an enhanced spectral response 
over the visible region compared to N719 but showed relatively low molar extinction 
coefficients for its MLCT bands. DFT-TDDFT computational studies also showed a 
destabilisation of the quaterpyridyl dye LUMO so that it fell lower in energy than the 
TiO2 conduction band. This affects efficiency of electron injection in the cell and 
IPCE values which overall leads to poorer performances. 43 However, there is scope 
for optimisation within this synthetic area. Variations on the N886 quaterpyridine 
design have been synthesised and studied by Renouard et al. 44 
Figure 1.12 The N886 dye. 
Although extending absorption into the IR region is desirable, ideally a dye that can 
absorb over the whole visible region and up to 920 rim, is required. A terpyridyl 
ruthenium complex [Ru(tcterpy)(NCS)31 -, tcterpy = 4,4',4"-tricarboxy-2,2':6',2"-
terpyridine), known as the "black dye" (Figure 1.13), shows promising properties. 
The absorption profile of this dye extends 100 nm further into the IR region than N3 
does. The IPCE plot of the dye shows coverage of the entire visible spectrum, with 
the efficiency of current generation effectively 95 % over the 400 - 700 rim region. 
Photovoltaic measurements gave L = 20 mA/cm 2, V,- = 720 mV,ff= 70 % and t = 
10.4 %. This improves upon the N3 dye because it harvests light over such a wide 
range of wavelengths. However, dye aggregation, sensitivity to environmental 
conditions and presence of several isomers in the compound mean that it does not 
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perform as well as it should. Research is now underway to enhance these factors so 
there is potential for the highest cell efficiency yet. 45  46 
Sc, 
Sc 
Figure 1.13 The black dye. 
A push to find dyes with higher extinction coefficients over the spectrum is also 
desired. This is because much thinner dye films within the cell would decrease 
resistance and electron transport distances (particularly important with solid state 
HTMs) without affecting light harvesting. The dye DCSC 13 (Figure 1.14) has 
shown phenomenally high extinction coefficients of 72,100 M 1 cm-1 and 30,600 M 1 
cm 1 at 22600 cm' and 18000 cm' respectively. 47 
Figure 1.14 The DCSC 13 Dye. 
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On a different note, finding an efficient dye that absorbs entirely in the IR spectral 
region could allow incorporation of solar devices into windows as they would be 
transparent to visible light 29  or perhaps used in tandem with cells and sensitizers that 
do absorb in the visible. 
1.4.5. 	Complementing Other Components 
As mentioned in Section 1.3.4.2, it would be preferable to develop DSSCs that use 
solid state electrolytes instead of liquid electrolytes due to sealing and long-term 
stability problems. The move towards new solid hole-transport materials (I-ITMs) 
with different properties, however, necessitates a modification of the sensitising 
dyes. Although N3 and N719 show wonderful performances in liquid electrolyte 
solar cells, their properties do not translate so well into solid-state materials. Thus it 
can be seen that with a change of one component, optimisation of the other 
components is needed for ultimate compatibility. 
A new hydrophobic dye, Z907, based on the N3 structure, is shown in Figure 1.15. 
The replacement of the two carboxylic acid groups on one of the bipyridine ligands 
with long alkyl chains has been done with three factors in mind. The alkyl chains 
should now allow better wettability between the dye and the solid state HTM such as 
a conducting polymer or organic material, particularly within the T102 pores; the 
long hydrophobic carbon chain should act as a blocking layer to help decrease charge 
recombination with the redox electrolyte and the dye's more hydrophobic character 
should also minimise hydrolysis of the carboxylic acid binding groups. When tested 
in a solid-state cell with Spiro-OMeTAD as the HTM, Z907 showed an enhanced 
photocurrent of 8.3 mA/cm 2 compared to N719's 3.5rnA/cm2, a good fill factor of 65 
% and an overall efficiency of 4 % - twice that of N719's efficiency under the same 
conditions . 49 The dye appeared to pack well on the semiconductor surface which 
enabled an effective blocking layer to form and from previous studies", 51,  it has also 
shown good long-term stability. Z907 shows good promise for the future of solid-
state solar cells 
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Figure 1.15 Z907 dye. 
Another option is to synthesise a dye that covalently connects to the HTM, allowing 
better communication between the two components. However, it is important that 
this connection does not prove detrimental to the absorption and injection roles of the 
sensitiser. This line of study has been investigated by Houamer-Rassin et al. 
52  using 
Ruthenium polypyridine complexes attached to a terr-thiophene unit. 
1.4.6. 	Cutting the Costs 
Current solar power is often expensive. DSSCs could be an alternative to this as they 
are much cheaper to manufacture. However, the best sensitizers found so far involve 
transition metals which can still be fairly expensive. Alternatively, cheaper dyes may 
be the future. 
Organic dyes have been considered as solar cell dyes as they are cheap, have large 
extinction coefficients and are easy to synthesise. However, these compounds do not 
harvest much light away from their narrow absorption bands. A number of 
groups 53,54  have used a combination of three different organic dyes to co-sensitise 
T102, each one absorbing at a different wavelength to cover more of the visible 
spectrum. High photoelectron conversion efficiencies up to 6.5 % were obtained, the 
combination working much better than each individual dye. 53  A coumarin dye 
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(NKX-2677,Figure 1.16) has also been made and has proven to attain an overall 
solar energy-to-electricity conversion efficiency of 7.7 %." Here thiophene moieties 
have been added into the molecule to extend pt-conjugation and improve stability. 
This resulted in the dye absorbing across a greater wavelength range and having 
more favourable LUMO energetics which improved performance. There have been 
other recent examples of organic dyes based on this structure which have 
incorporated bulky side groups in order to reduce aggregation. 56 
Figure 1.16 NKX-2677 Courmarin dye 
Porphyrins are also cheap and have been tested as sensitisers. Solar conversion in 
photosynthesis takes advantage of these compounds. They are often easily 
constructed, have LUMOs that lie above the T102 conduction band and HOMOs that 
lie below the redox couple which make them ideal candidates. Unfortunately, they 
tend to exhibit lower efficiencies because they are liable to aggregate when their 
surface adsorption concentration increases. This can result in migration of excited 
states between neighbouring porphyrin arrays which leads to "exciton annihilation" 
and a reduction of electron injection into the semiconductor. This aggregation can 
sometimes be diminished by introducing stenc interactions. 57 
Porphyrins can he flat or perpendicular to the surface they are adsorbed onto. The 
latter allows more molecules to cover the same area and as long as aggregation does 
not occur, this orientation often gives a better performance from the dye. A Zn 
porphyrin complex 57 (ZN-lb. Figure 1.17) with a promising performance as a 
sensitiser has shown overall efficiencies of 4.2 %. This porphyrin only has one 
carboxylic function in its structure so tends to adsorb perpendicularly. When many 
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acid functionalities are present, the porphyrin is often forced to lie much flatter on 
the surface which is not always desirable. 
uiz 
Figure 1.17 Zn-lb porphyrin compound. 
Porphyrin systems can be built in branched and linear arrays. 17 Branched systems 
may result in several of the components undergoing excitation and transport of many 
electrons to the semiconductor so that more injection is obtained from only one dye 
molecule. However, these are likely to be bulky and a lower surface concentration of 
adsorbant could counteract this effect. The best option is to optimise designs so that a 
perfect fit is found with the semiconductor surface. A recent zinc tetraarylporphyrin 
malonic acid sensitiser reported by Campbell et al. 58has achieved an overall 
conversion efficiency of 7.1 %. 
As solar cells try to mimic photosynthesis, maybe nature has some inspiration. 
Natural products are cheaper and more environmentally friendly than existing 
options if they were found to have a use in solar technology. Plum, pomegranate and 
blackberry extracts have all been tested in solar cells and overall efficiencies of 0.5-1 
% were reached. These natural substances tend to consist of a mixture of dyes and 
therefore out-perform commercial and purified analogue compounds." 
14.7. 	Linking the Light Absorbers 
Very early experiments in solar cells involved only attaching the dye to the titania 
nanoparticles using physisorption. However, a study 59 into the importance of the 
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presence of a binding group showed that after 20 minutes a change from 
physisorption to chemisorption occurs in a compound with carboxylic acid functional 
groups compared to the same compound without The covalent ester bond created 
allows overlapping of the conduction band with the dye orbitals and leads to a 
strengthening of electronic coupling. Consequently, electron injection rate increased. 
Sensitisers now tend to contain an anchoring group which can allow the dye 
molecule to adsorb onto the semiconductor surface. 
The most common functional groups used for this purpose are phosphonic 
(P(0)(OH)2) and carboxylic (COOH) acids and as they form strong bonds with metal 
oxide nanoparticles. Silanes, ethers, salicylates, acetylacetonate and suiphonic acids 
have also been used .36  The type of anchor used is important as each one has different 
electronic coupling and surface-stale properties that affect electron injection. " 
Carboxylic acid groups bind a dye strongly to a semiconductor surface and provide a 
good communication pathway for injecting electrons. These groups attach through 
various modes (Figure 1.18) which have been characterised by IR and Raman 
spectroscopy. 36 In studies carried out on All-trans-Retinoic Acid bound to titania, 63 
% of this binding tends to ester formation, 34 % from chelating and bridging and 3 % 
from anion and hydrogen bonding. 60  It has been found, though, that the free COOH 
anchor binds better than its salt (C00). Unfortunately, the carboxylic acid link can 
easily be hydrolysed if water gets into the system. This could be a problem given the 
outdoor use of solar cell applications . 29 Design of hydrophobic dyes and robustly 





















N-bonded H-bonded CaTbOX4O(e 
monodentate 
through co 
Figure 1.18 Various binding modes of a carboxylic acid functional group onto a semiconductor 
surface. 
Dyes with phosphonic acid groups linkers do not tend to show as high a cell 
efficiency as carboxylic linkers do. This is because the absorption spectrum shifts 
and wavelengths above 650 nm are not as effectively absorbed. The sp 3 hybridisation 
of the phosphorus does not fit with the planar structure of the biypyridine ligands like 
the sp2  geometry of the carboxylic acids does and the LUMO is destabilised. 
[Ru(4,4'-(P03H2)2-bpy)2(NCS)2] was found to be 30 % less efficient than the 
carboxylic acid analogue . 6 ' However, a recent linker group modification on the 
Z907 dye (Figure 1.15) has given Z955 (Figure 1.19), which has shown an efficiency 
of over 8%, the highest for any dye not binding through a carboxylic acid group. The 
increased number of protons on —P0 3H2 is a possible reason for this good 
performance . 29 Like the CO2H groups, an ester-type binding has been suggested for 
phosphonic acid linkers. 57  Phosphonic acids also remain bound in water while 





Figure 1.19 The Z955 Dye. 
The position of the linkers on the bipyridine ligand is also an important factor. A 
change in cell performance was seen by moving the linking groups in both 
Ruthenium and Platinum bipyridine complexes. These are described in more detail in 
Sections 14.3 and 3.2 respectively. 
The binding of the sensitiser N3 to nanocrystalline T102 has been investigated using 
density functional theory (DFT) and time dependant DFT calculations. 23 The 
research found that for a N3 dye molecule bound using both anchoring groups from 
one dcb (4,4'-dicarboxy-2,2'-bipyridine) ligand, structural changes in both the dye 
and the semiconductor occur. In the dye, the binding ligand gets twisted out of its 
planar geometry and in the titania, surface atoms are outwardly displaced to positions 
where they interact better with the carboxylate oxygens. The HOMO of the bound 
dye consists of mixed t2g  RU—NCS orbitals. The LUMO was found to be strongly 
coupled to the titania conduction bands with 86 % of the LUMO in the N3 dcb it 
orbitals and 14% on the semiconductor. This type of mixed LUMO is desirable if 
good electron injection is to be achieved. The weakest couplings with the 
nanoparticles were from orbitals at a much greater distance from the semiconductor, 
as would be expected. Unfortunately, the results do not take into account solvent 
effects, and the model nanocrystal used was probably too small to have fully 
replicated the band structure present in bulk titania. However, the investigation gives 
a good insight into how sensitisers might bind in the cell. 
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A key research area when examining linker groups for solar cell dyes is to look at the 
effect of linker length on dye performance. Greater distances between the sensitiser 
and semiconductor could help reduce recombination reactions. The idea of 
introducing longer linkers seems counter-intuitive when considering electron 
injection rates, which are inevitably slowed by greater transfer distances. However, 
injection is usually so fast that this barrier only slows rates to the nanosecond 
timescale - still fast enough to inject with a yield near unity. 36 In fact, longer binding 
distances might help to avoid kinetic redundancy (see Section 1.3.2.). 
The use of rigid linkers has recently been favoured over flexible ones because the 
number of permutations of the latter make it difficult to predict and control the 
distance a dye is positioned away from the semiconductor surface. Examples include 
axial rods of oligo-p-phenylenes and oligo-p-ethynylphenylenes. 36 Even better are 
rigid groups known as tripods. These are similar but have three binding groups on 
one end of the molecule. When all three are bound, the molecule is orientated 
perpendicular to the oxide surface in much the same way as a tripod stand, giving 
rise to their name. Tripods can then be attached at the other end to compounds such 
as ruthenium-polypyridyl complexes. It is hoped that these rigid rods and tripods can 
be used to inhibit aggregation of the dye molecules (dimers and excimers often have 
different spectroscopic properties to the monomer) as well as reduce loss 
mechanisms within the system. 36 
Other molecule and linker designs involve optimising the use of the material present. 
Structures that wrap round and bind to the convex surface of the TiO2 nanociystals 
are novel ways of trying to reach all available surface area and binding sites. 36 
Many groups, however, have suggested that a direct binding to the surface is not 
always required for good electron injection into the semiconductor. 14' 35''57 Campbell 
et al. 57  gained an unexpectedly good result for a porphyrin that was able to bind fiat 
to the titania surface due to several carboxylic acid groups binding. One explanation 
Chapter 1 
is that direct electron transfer is able to occur due to the short distance that does not 
require a binding group. Bimetallic Re(I)-Ru(H) systems have injected electrons very 
well but the mechanism may have been direct transfer from the unbound component. 
The geometry of the rhenium centre allowed the ruthenium metal centre to be 
situated very close to the titania surface. 35 
1.4.8. 	Perfecting Performance 
As seen so far, the N3 dye is one of the best sensitizing dyes known. However, there 
is still potential for dye-sensitised solar cells to be greatly improved. The best 
efficiency obtained from N3 is 11 % despite a mismatch between this dye and the 
iodideltriiodide redox system. The redox electron that reduces the dye back to its 
ground state is at a much higher energy than it needs to be. Only a driving force of 
0.2 eV-0.3 eV is required to regenerate the ground state effectively but the current 
system contains an energy difference of 0.7 eV. If this difference could be 
minimised, this wasted potential would instead be used to increase V and could 
double the cell's overall efficiency. 15  By enabling all the energy levels within the 
system to be perfectly placed where there is enough driving force for electron 
transfer to be unity, but avoiding kinetic redundancy, more absorbed light will be 
converted into electricity and nothing else. 
An important factor to consider in solar cell performance is stability. To make solar 
energy economically and environmentally viable, solar panels need to be able to 
withstand at least 20 years of operation. In the case of DSSCs, the ground state of the 
dye needs to be regenerated 108  times and show little loss in performance under all 
the temperatures, light intensities and conditions that constantly changing weather 
patterns can create. The N3 system is stable up to 280 °C, does not exhibit reduction 
in performance over a wide temperature range and does not fail under long-term 
illumination. This surpasses silicon solar cells which tend to undergo photo-
degradation and declining efficiency under intense light and thermal stress. 
15  If 
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performance in DSSCs can be perfected, there is a good chance these cells could 
provide us with an answer to our energy needs. 
	
1.5. 	Conclusion 
Developing and perfecting solar panels so they are efficient, robust, versatile and 
economically viable for electricity generation has become a world-wide project. As 
global warming and energy concerns intensify, it is becoming increasingly important 
to focus our efforts on renewable energies like solar power which have so much 
promise in future power production. A disadvantage of solar power is the diurnal 
nature of the energy source and difficulties in energy storage but research and 
development has moved on to looking at ways to combat these problems. The world 
of hydrogen fuel cells is as widespread as photovoltaics, with car companies striving 
to make emission-free vehicles with this technology. The problems faced here are 
hydrogen production and storage. Maybe solar power could help - innovative light-
induced water-splitting systems have been reported 6263,2 that use solar energy to 
fabricate the hydrogen and oxygen required to feed the fuel cells to obtain energy 
generation without the environmental side effects. 
1.6. 	Aims of this Thesis 
The first aim of this thesis is to investigate the effect of replacing the 4,4'-(CO 2H)-
2,2'-bipyridine ligand in previously tested platinum and ruthenium dyes with two 4-
CO2H-py substituted pyridine ligands. Ester analogues of these dyes were also used 
to electrochemically and spectroelectrochemically characterise these compounds. 
The second aim is to explore the use of NO2 functional groups as anchoring ligands 
to the titania semiconductor within the dye-sensitised solar cells through the 
replacement of 4,4'-(CO 2H)-2,2'-bipyridine with two nitro-pyridine ligands. 
The third aim is study the electrochemical properties of a variety of substituted 
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Chapter 2 Experimental Techniques 
2.1. 	Electrochemistry 
2.1.1. 	The Electrochemical Series 
Any compound that can undergo a reduction or oxidation can be written up as a half 
equation (Equation 2.1): 
Ox + e—* Red 	 Equation 2.1 
Whether a compound oxidises or reduces in certain conditions depends on the 
electrode potential of the reaction. 
When this reaction is performed at an electrode in a cell, the process involves the 
movement of electrons from a solid metal surface to a solution phase. This 
movement of a charged particle causes a charge separation to develop between the 
electrode and the solution which affects the movement of other charged particles 
within the system. The energy required to work against this force is called the 
potential difference. The value of this potential difference (or electrode potential) is 
different for every chemical system.' 
Reactions of various compounds can be ordered according to their electrode 
potentials in what is called the electrochemical series. A few examples are listed in 
Table 2.1. The Hydrogen half equation is arbitrarily chosen to be 0 V. 
37 
Chapter 2 
Table 2.1 Standard Electrode potentials for a number of half reactions versus a standard hydrogen 
electrode. 2 
Half reaction Electrode potential 
172()  + 2e +-* 2F 3) +2.87 V 
C12(g) + 2e *-* 2Cl) +136 V 
AgCl) ± e 	Ag 8) + Cf > +0.22 V 
2H (ag)  + 2e -* H2( g ) 0 V 
Zfl2 (ag ) + 2e -> Zfl() -0.76 V 
C2(ag) + 2e 4-* Ca ) -2.84 V 
The more positive the electrode potential the more the equilibrium is biased towards 
the reduced species i.e. it is more stable reduced than oxidised. If two of these redox 
couples are connected together into an electrochemical cell, the reaction with the 
more negative potential will form its oxidised species so that the reaction further up 
the series can form its more favourable reduced species. 
2.1.2. 	The Three Electrode System 
When a new compound is made, the electrode potential of its redox reaction will not 
be known. In order to determine this value the reaction is studied at an electrode 
called the Working Electrode and its potential compared to the potential of a known 
redox couple used as a Reference Electrode. Standard Hydrogen Electrodes and 
Ag/AgCI are examples of reference electrodes commonly used. Once the reaction is 
occurring a current is produced due to movement of electrons and allows the 
potential difference to be measured. 
The potential difference measured during the redox reaction (V1) in a normal 
electrochemical cell is a combination of the potential at the working electrode (Vwi), 
the potential at the reference electrode (VRf) and the potential across the electrolyte 
solution in the circuit (Vs). 
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= VWE + Var + VS 	 Equation 2.2 
According to Ohms Law, V = iR and we can write Equation 2.2 as: 
V = V + V + IR 	 Equation 2.3 
As the potential at the reference electrode (VRef) is a known quantity, if we can make 
iR = 0 then V = VWE + constant which is easy to determine. To do this, no current 
is allowed to flow through the reference electrode and working electrode circuit so 
that i = 0 and therefore iR = 0. However, a current still needs to flow in order to have 
a potential at the working electrode so a Counter Electrode, with a high surface area, 
is added into the cell in order to act as a "sink" or "source" of the electrons. This 
three-electrode system is commonly used in electrochemical studies in a set-up 








Salt Bridge 	 IMM 	 Electrolyte 
Stirrer bar 
Figure 2.1 A typical electrochemical cell set-up with a three-electrode system. 
2.1.3. 	Cyclic Voltammetry 
This technique uses the three-electrode system to scan the potential across the 




Figure 2.2 Change in potential with time during cyclic voltammetry. 
The resulting change in current is measured and a graph of current versus potential, 
or voltammogram (Figure 2.3), is plotted. This is used to determine useful 
information about the compound being investigated. When a reduction is occurring, 
electrons are being taken up to form the reduced species and the current decreases. 
This forms a negative peak on the graph. During an oxidation electrons are released 
and the current increases to form a positive peak. 
E/V 
j rcd 	,ox 
Figure 2.3 A cyclic voltammogram. 
Figure 2.3 shows a typical electrochemically reversible cyclic voltammogram. 
Electrochemical reversibility occurs when the reaction is in equilibrium and obeys 
the Nemst equation relationship. Ideally, the areas of the oxidation and reduction 
peaks would therefore be the same and the peak separation (AE) should be 59 mV for 
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a one-electron process at 298 K. Electrochemcially reversible reactions are evidenced 
by straight line plots of i vs (scan rate) and all electrochemically reversible 
reactions mentioned in this thesis have been determined to be so using this method. 
A reversible peak position is generally defined by its E, potential. This is the average 
of the reduction (E') and oxidation (E')  peak potentials and is given in Volts. In 
experiments reported here, the E 1 12 potential was always corrected by comparison 
with the ferrocinium/ferrocene redox couple. A small amount of ferrocene added to 
the solution shows up as a reversible peak at a positive potential. This well-studied 
redox couple shows a reliable one-electron reaction at +0.55 V vs AgCl and so by 
calculating the observed shift from this potential and correcting other peaks 
accordingly, any equipment or experimental anomalies can be eliminated. 
Chemical reversibility, as opposed to electrochemical reversibility, is determined by 
any chemical reactions that take place after generation of the electrochemical 
species. When one of the peaks does not appear on the return scan (Figure 2.4), the 
compound is not chemically reversible. This means that something has happened to 
the electrochemical product of the redox reaction (it has reacted further or degraded) 
which means it is no longer present to form the starting compound again when the 




-2.5 	-2.0 	-1.5 	-1.0 	-0.5 
E/V 
Figure 2.4 An example of a chemically-irreversible cyclic voltammogram. 
The peaks on a cyclic voltammogram do not appear as sharp peaks at the 
compound's electrode potential but show an initial surge in current before a tailing 
off. This is because the process is diffusion-controlled. To start with, all the 
compound near the working electrode surface is either oxidised or reduced 
immediately the potential is reached and this causes a significant change in current. 
However, once this has all reacted, it is the role of diffusion to bring more unreacted 
compound to the electrode surface. Diffusion is a much slower process and the 
current level falls because there is no longer enough redox processes occurring at the 
electrode surface to maintain it. 
Studying and interpreting cyclic voltammograms can give a lot of information about 
the reducibility, purity, stability and electrochemical character of compounds. This 
can be valuable in helping to determine other techniques that can be employed and 
maybe even suitability for applications. 
2.1.3.1. 	Experimental Details 
Measurements were made using a cell and three-electrode system (as shown in 
Figure 2.1) consisting of a platinum microdisc working electrode 0.5 mm in 
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diameter, a large surface area platinum counter electrode and a reference electrode of 
Ag/AgCI in a solution of 0.45 M TBABF4 (tetrabutylammonium tetrafluoroborate, 
[NBu4[BF4]), 0.05 M TBAC1 in DCM. For the experiments, the reference electrode 
was separated from the electrolyte solution using a salt bridge in order to avoid 
contamination. This electrolyte contained the compound under study and a 
supporting electrolyte of TBABF 4 to increase conductivity. Prior to scanning, the 
system was purged with N2 gas to eliminate any dissolved electrochemically-active 
oxygen in the solution. The E 112 potentials calculated from the voltammogram were 
always corrected by comparison to the ferrocinium/ferrocene redox couple which has 
a well known E 112 value of ±0.55 V. Results were recorded using a Dell GX1 10 PC 
with an Autolab system containing a PGSTAT 30 potentiostat using General Purpose 
Electrochemical System (GPES) version 4.8 software. Unless otherwise stated, all 
electrochemical experiments were carried out in 0.1 M TBABF4 / DMF electrolyte. 
2.1.4. 	Differential Pulse Voltammetry 
In this experiment, the potential is applied in a series of pulses rather than as the 
continuous change in potential seen in cyclic voltammetr . A potential pulse of 10-
I OOmV is applied and remains there for a short period of time before it is removed. 
The current is measured twice for each of these pulses; once, t', just before the 
potential step is made, and another, t, just before the potential is taken away again. 





Figure 2.5 Change in potential with time during differential pulse voltaimnetrv. 
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The average of the two current measurements is then plotted against base potential to 
give a differential pulse voltammogram (Figure 2.6). The advantage of this technique 
over cyclic voltammetry is that it is much more sensitive and can differentiate 
between redox couples separated by as little as 70 mV. 
i/A 
0 
0 	 -0.5 	 -1.0 	 -1.5 	 -2.0 
E/V 
Figure 2.6 An example of a differential pulse voltammograin. 
2.1.4.1. 	Experimental Details 
The electrochemical cell is set-up exactly the same as for cyclic voltammetry. It also 
uses the same Autolab hardware and GPES software. Unless otherwise stated, all 
differential pulse voltammetry experiments were carried out in 0.1 M TBABF 4 / 
DMF electrolyte. 
21.5. 	Coulometry 
Coulometry is also known as bulk electrolysis and involves electrochemically 
oxidising or reducing all the compound present in the solution rather than just the 
molecules that reach the working electrode surface. This can enable us to find out 
how many electrons are involved in a reaction or can give us a longer-lived product 
which we can then study. 
The bulk electrolysis is achieved by holding the working electrode (while the 
solution is being stirred) at a potential, E g , which is beyond the E./, potential of the 
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compound using the Pt basket electrode. By using the total charge passed (Q = It) 
during this process and the number of moles (n) of the compound present, the 
number of electrons (e) involved in the electrochemical reaction can be calculated 
using Equation 2.4. F is Faraday's constant (96485 C moI'). 
Q = n.e.F 
	
Equation 2.4 
Once the product has been electrogenerated, it is possible to study it by switching 
back to the Pt microdisc working electrode and then using other electrochemical 
techniques. 
Reference 
Electrode 	 di 	
Counter Electrode 
Pt Mictosc 
Ii 	1 WoIkiIW Electiode 	 / 
Test Solution 
Pt Basket - 	 / 
Working 
E lecti ode 	
Electiolyte 
Figure 2.7 General set-up of an H-cell for use in coulometry. 
An H-cell (Figure 2.7) is used to carry out this type of experiment because this keeps 
the test solution (which undergoes bulk electrolysis) separate from the counter 
electrode to avoid contamination and incorrect results. Fnts and compound-free 
electrolyte are used so that a current can still flow in order to complete the circuit 
essential in electrochemical experiments. A platinum gauze basket working electrode 
is used to convert our compound to the required product because of its high surface 
area, but for study of both our starting and electrolysed compounds, the familiar 
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platinum microdisc working electrode is used. Results were recorded using a Dell 
GX11O PC with an Autolab system containing a PGSTAT 10 potentiostat using 
General Purpose Electrochemical System (GPES) version 4.8 software. Unless 
otherwise stated, all coulometiy experiments were carried out in 0.1 M TBABF4 / 
DMF electrolyte. 
2.2. 	S pectroelectroc hem istry 
2.2.1. 	UVIVIs Spectroelectrochemistry (OTTLE) 
UV/Vis Spectroscopy studies the electron transfers that occur when a compound 
absorbs light in the UV and Visible region of the electromagnetic spectrum. The 
wavelengths absorbed are directly related to the size of the gaps between energy 
levels and the extinction coefficients of these absorptions give information about the 
type of transfer involved. In the compounds mentioned in this report, all the 
extinction coefficients are large so the electrons all undergo intraligand or metal-
ligand charge transfers and do not show the small coefficients characteristic of d-d 
transitions. A modification of this technique with a three-electrode system allows 
oxidised and reduced species to be made in situ. It is then possible to see how their 
absorption characteristics have changed from the original compound and give 
information about the HOMO and LUMO. 
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Figure 2.8 An OTTLE cell with three-electrode system for in situ measurements. 
Measurements were made using an Optically Transparent Thin Layer Electrode 
(OTTLE) cell and a Perkin-Elmer Lambda 9 spectrometer controlled by a Datalink 
PC.-The set-up (Figure 2.8) consists of a flat quartz cell with a path length of 0.05 cm 
containing a Pt/Rh gauze working electrode. The electrolyte solution containing 
TBABF4  supporting electrolyte and the compound under study is added into this cell 
to a level where all three electrodes are in contact with it. As in other electrochemical 
methods, an Ag/AgC1 reference electrode and platinum wire counter electrode were 
used, both separated from the bulk solution by salt bridges. The cell, with a lid, was 
placed in the spectrometer using a PTFE block with two pairs of quartz windows. 
The temperature was controlled using dry N 2 gas (cooled using liquid N 2) around the 
cell and room temperature N2 to prevent frosting. A thermocouple allowed accurate 
measurement of the temperature. A UV/Vis scan was taken every 2 minutes. Holding 
the solution at a potential, such that bulk electrolysis occurred, resulted in a change 
in the absorption peaks as the reduced or oxidised form was generated. At the end of 
the spectroelectrochemical experiment the potential is returned to 0 V and spectrum 
recorded. If the spectrum returns to that of the starting material then there has been 
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no chemical reaction following electron transfer. Unless otherwise stated, all OTTLE 
experiments were carried out in 0.1 M TBABF4 I DMF electrolyte. 
2.2.2. 	Electron Paramagnetic Resonance (EPR) 
2.2.2.1. 	Theory 
One unpaired electron has a spin of S = Y2, i.e. it has a spinning electric current. 
When the electron is put into a magnetic field, the magnetic dipoles associated with 
this current can either line up with or against the magnetic field. This causes a split in 
energy of the orientations with the dipole lying against the magnetic field being the 
highest in energy (Figure 2.9). The strength of the magnetic field determines the 
difference in energy of the two spin orientations. 
M 9 = + 1/2 
hv 
M s  = - V2  
Figure 2.9 Splitting of electron energy levels as the magnetic field B is increased. 
EPR experiments involve inducing the electron to change spin and promoting an 
electron from the m = -V2 level to m = +V2. However, instead of keeping the 
magnetic field strength (Bo) constant and varying the electromagnetic wavelength 
(hv) to find resonance, it is the wavelength that is held constant and the magnetic 
field strength that is swept. The resulting spectrum is recorded as the 1 derivative to 
allow the position of the peak to be easily determined. The peaks otherwise come out 
very broad and fiat. 
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E = hv = gpB0 	 Equation 2.5 
Equation 2.5 is then used to determine g, the proportionality constant. g is different 
for every molecule and depends on the environment of the unpaired electron and 
factors such as delocalisatioa p.a is the Bohr magneton constant. 
The resonance signal from the electron jumping to its higher orientation level can 
also be split by adjacent nuclear spins in exactly the same way as in Nuclear 
Magnetic Resonance. This splitting is called Hyperfme Coupling and is given the 
symbol A. EPR spectra may only be recorded for paramagnetic species. One electron 
reduction or oxidation will transform a diamagnetic compound into an EPR active 
one and this is most easily achieved using an in situ EPR I electrochemical cell. 




Electrode 	 _____EPR cell 
Electrolyte 
Working 
• 7 Electrode 
I 
Figure 2.10 An EPR cell with three-electrode system for in situ measurements. 
The electrolyte containing the supporting electrolyte and compound was purged with 
N2 and added into a flat EPR cell. A Pt/Rh gauze working electrode, platinum 
counter electrode and silver chloride reference electrode (Figure 2.10) were put in the 
cell for forming reduced and oxidised species for in situ EPR measurements 
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generated using a BAS CV-27 voltammograph. EPR spectra were recorded on an X-
band Bruker ER200D-SCR spectrometer connected to a Datalink 486DX PC with 
EPR Acquistion System, version 2.42 software. The temperature was controlled by a 
Bruker ER4I 11 VT variable temperature unit. All g values were corrected to 2,2'- 
diphenyl-1-picrylhydrazyl which has a literature value of 2.0036 ± 0.0002. Unless 
otherwise stated, all EPR experiments were carried out in 0.1 M TBABF4 / DMF 
electrolyte. 
2.3. 	DFT Calculations 
The DFT calculations featured in this thesis were run using Gaussian 03, Revision 
D.01. 4  The images were generated using Arguslab. 
For the platinum and ruthenium complexes, the 631G*  basis set was used for the C, 
N, H, 0, Cl and S atoms and the Hay-Wadt VDZ (n+1) ECP basis sets 5for the Pt(II) 
and Ru(II) metal centres. The Becke three parameters hybrid exchange and the 
Perdew-Wang 1991 correlation functionals (B3PW91) were used as there are various 
examples of their use for these transition metal complexes. 6 The calculations 
performed on the substituted pyridine compounds in Chapter 6 were also done using 
these functionals. 
2.4. 	Dye Solar Cell Measurements 
The following cell sensitisation and testing techniques described here were carried 
out at The University of Bath and Imperial College London using the standard 
methods used for their research. 
2.4.1. 	Ti02 Sensitisation 
Sensitisation of the dye on to the working electrode is shown in Figure 2.11. A 15 
mm by 25 mm piece of fluorine doped tin oxide (FTO) conducting glass (Figure 
2.11a) was cut and a titanium dioxide blocking layer was applied using spray 
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pyrolysis (Figure 2.11 b). A Ti02 colloid paste was then spread onto the glass using 
the doctor blading technique and allowed to dry (Figure 2.11 c). The glass was then 
heated to 450 °C for 30 minutes, then allowed to cool to -100 °C before putting into 
a dye bath containing a solution of the dye in a suitable solvent (see Table 2.2) and 
left in the dark for about 20 hours (Figure 2.11 d). 
Table 2.2 De bath concentrations and solvent systems used for sensitisation of Ti0 2 for dyes tested. 
Dye Solvent System Concentration / mM 
[Pt(4-CO2H-py)2(mnt)] MeOH 0.50 
[Pt(4-CO2H-py)2(dmit)] DMSO 0.50 
[Pt {4 14'(CO2H)-2,2'-bipy} (mnt)] DMSO 0.50 
[Pt(4-NO2-py)2(mnt)1 MeOH 0.51 
[RuCl2(4-CO2H-py)41 1:1 DCM : MeOH 0.47 
N719 1:1 tert-BuOH:MeCN 0.15 
The sensitised electrode (indicated by a change in colour of the Ti02 surface) was 
then removed from the dye bath and rinsed with clean solvent. This was now ready 













Figure 2.11 Sensitisation of Working Electrode: a) conducting glass, b) addition of blocking layer, C) 
addition of Ti02, d) sensitisation in dye bath, e) sensitised electrode. 
2.4.1.1. 	Base Treatment for Ester Sensitisation 
When compounds containing an acid linker group were not available for the time-
resolved charge recombination kinetics measurement, it was also possible to sensitise 
the T102 surface with the ester analogues. This method involved the following steps. 
Clean the Ti02 film-covered slides in the furnace at high temperature for 
about 30 minutes. 
After allowing to cool for around 1 minute (to between 50 °C - 100 °C) the 
slides were introduced into a base bath (pH 11) and left for an hour. 
Remove from basic solution and put to dry in the oven at 110 °C for 30 
minutes. 
Introduce into the sensitizing solutions (about I mg in 8 mL MeCN for 
[Pt {(4,4'-CO 2CH2CH3-)2-2,2'-bipy) (mnt)] and [Pt(4-0O 2CH3-py)2(mnt)]). 
Remove the films from the sensitizing solutions after 48 hours. The time-
resolved kinetics could then be tested using these sensitised slides. 
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2.4.2. 	Cell Construction 
A square of Solaronix SX1 170-25 25 l.tm thick Hot-melt was used as a sealant to join 
the working electrode and counter electrodes. A hole was cut out before application 
so that a 1 cm2 active area of sensitised T10 2 would be present in the final cell 
(Figure 2.120. A counter electrode consisting of TEC 15 glass coated with a thin 
layer of platinum was placed on top so the polymer then sealed the electrodes 
together when the assembly was placed on a heat source (Figure 2.12g). Two holes 
previously drilled in the counter electrode were then used to add the redox 
electrolyte. This was a solution of 0.25 M Li! and 0.05 M 12 in 3-methoxy 
propionitrile with 0.5 M 4-tert-butylpyridine as an additive. It was introduced into 
the small gap between the working and counter electrodes with the use of a thin 
needle. (Figure2. 12h). The cell was finally sealed with a small bit of tape or glass 
over the hole and it was ready to be tested (Figure 2.12i). A blank cell was also made 
from a h02 slide and contained no sensitiser. 
• 	 I IID - H  —  •  




Figure 2.12 Assembly of the cell f) positioning of sealant, g) addition of counter electrode, h) 
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2.4.3. 	Solar Cell Measurements 
The finished cells were tested in a Solar Simulator to determine their fill factors, 
short-circuit currents, open-circuit potentials and overall efficiencies. The IPCE 
values of the cells were also measured. These experiments are described in more 
detail below. 
2.4.3.1. 	Cell Efficiency 
I-V curves were obtained by illuminating the cell with simulated solar light 
(achieved using a xenon lamp and an AM 1.5 filter) with the light intensity adjusted 
to 100 W m 1  (0.1 Sun). The cell was scanned between the short circuit and open 
circuit with a scan rate of 10 mV s 1 using a potentiostat to obtain a graph similar to 
Figure 2.13 from which the required performance parameter values (discussed in 
Section 1.3.3) can be calculated. This cell has an efficiency of 2.1 % and a fill factor 
of 0.67. 
I 








Figure 2.13 A typical I-V curve output from a solar cell in the Solar Simulator showing Real cell I-V 
curve (blue) and Power curve (red). 
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2.4.3.2. IPCE Measurement 
The incident photon-to-current efficiency (IPCE) is measured by illuminating the cell 
with monochromatic light and measuring the current produced by the cell using the 






Figure 2.14 Set up for IPCE measurements 
The current output is converted to a voltage signal by the current amplifier. The 
IPCE is obtained from the voltage signal as a function of wavelength by comparison 
with a calibrated photodiode, where QE ph.,odiode is the external quantum efficiency of 
this photodiode. 
The IPCE is then calculated according to Equation 2.6; 
IPCE 
= Vceü x QE Ph.wOA  x 100 	 Equation 2.6 
VPhOtOdIOd . 
Below (Figure 2.15) is a typical IPCE for a cell, this cell has a peak IPCE of 57 % at 
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Figure 2.15 A typical IPCE curve for a solar cell. 
The cells tested in this thesis had their IPCE measured over the range 400-700 nm. 
2.4.3.3. 	Dye coverage. 
To determine the dye coverage on the titania film, and thus allow better analysis of 
the results, the dye was desorbed from the electrode in a given volume of KOH 
solution (10 mM). The concentration of the desorbed dye in solution is then 
measured by UV-Vis spectroscopy. By then dividing this by the extinction 
coefficient of the pure compound, the concentration and therefore the molar 
concentration of the dye within the original film can be calculated. These are 
reported with the results and the ratio of this in comparison with the N719 film 
concentration is also calculated. 
2.4.3.4. Kinetics Measurements 
Transient absorption decays were measured using the "flash photolysis" technique. 
The sample was excited with a dye laser (Photon Technology International Inc., GL- 
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301) pumped by a nitrogen laser (Photon Technology International Inc., GL-3300). 
The excitation wavelength was 450 rim, the pulse width was 800 ps, the fluence was 
about 50 Jcm 2 and the repetition frequency was 1 Hz. A 100-W tungsten-halogen 
lamp (Bentham, IL 1) with a stabilized power supply (Bentham, 605) was used as a 
probe light source. The probe light passing through the sample was detected with a 
silicon photodiode (Hamamatsu Photonics, S1722-01). The signal from the 
photodiode was pre-amplified and sent to the main amplification system with an 
electronic band-pass filter to improve signal to noise ratio (Costronics Electronics). 
The amplified signal was collected with a digital oscilloscope (Tektronix, TDS 220), 
which was synchronized with a trigger signal of the laser pulse from a photodiode 
(Thorlabs Inc., DET2I0). To reduce stray light, scattered light and emission from the 
sample, two monochromators and appropriate optical cut-off filters were placed 
before and after the sample. Owing to the amplification and noise reduction system, 
the detectable change of absorbance was as small as 10 -'to 10. 
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Chapter 3 Substituted Ester and Acid Pyridines and 
their Platinum Complexes 
3.1. 	Introduction 
Many d6 metals have been studied for use as the metal centre in solar-cell sensitisers 
to find an alternative to ruthenium. Square planar d 8 Pt(H) complexes, however, are a 
relatively new area of investigation. [Pt(H)(diimine)(dithiolate)] complexes in 
particular are known to show luminescence in fluid solution at ambient temperatures 
and absorb in the visible region with extinction coefficients c of 5-10 10 3 M' cm'. 
This solvalochromatic LLCT absorption is often described in literature as a "mixed-
metal-ligand-to-ligand" charge transfer (MMLL'CT) due to the metal character in the 
dithiolate-based HOMO. Therefore it has been assigned as a (Pt(d)/S(p)/dithiolate -+ 
*/diimine) transition which appears around 450-500 nm. However, the calculations 
discussed later in this chapter show that the platinum contribution is relatively small 
so the LLCT term will be retained in this thesis. 
Research on a series of [Pt(II)(diimine)(dithiolate)] complexes has shown that 
systematic modifications to one or both of the ligands can predictably alter the excited 
state energies by up to I eV, also allowing the absorption to extend to even longer 
wavelengths.' The high tunability and good photoluminescent properties of these 
complexes mean they are ideal potential candidates for sensitising dyes in DSSCs. 
The presence of any emission at all indicates that the excited state is long-enough 
lived to undergo rapid electron injection into the semiconductor. They also have an 
appropriate oxidation potential for use in the system with the right dithiolene ligand. 
When tested in a solar cell the Pt-based dyes were able to adsorb onto T10 2 and 
absorb beyond 700 nm. 2 Alternatively, [Pt(II)(diimine)(dithiolate)] sensitizers on T102 
have also been investigated for photogeneration of hydrogen from water. 3 
Studies4 using different metal centre analogues, such as Ni, Pd, Au and Zn, have 
shown the importance of orbital stability, relative orbital energies, coordination 
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geometry and HOMO metal character in the photoemission properties of these 
diimine-dithiolate systems. The identity of the metal centre is therefore crucial and 
platinum has been found so far to be the best match with operational requirements for 
the solar cells. 
Islam et al. 2  have svnthesised a series of Pt(II)(diimine)(dithiolate) complexes and 
investigated them for use as sensitisers. These compounds have a HOMO based on 
mixed platinum-dithiolate character and a diimine orbital LUMO. This is similar to 
the orbital character of the Ru-polypyridyl complexes such as N3. Each of the 
dithiolate ligands used had a different electron donating strength to see how the Pt(H) 
complexes could be finely tuned. The best sensitiser in this series was found to be 
Pt(dcbpy)(qdt) which showed an IPCE of 47 % at 500 rim, a fill factor of 0.77 and an 
overall efficiency of 3.0 %. Unfortunately, the light harvesting efficiency was poor 
above 650 rim but the Pt(dcbpy)(tdt) and Pt(dcphen)(tdt) complexes that showed 
better performance in this region tended to show lower IPCE values which balanced 
out to a lower overall efficiency. The reason for this is an increase in the 
recombination and redox couple reduction loss mechanisms. One thing to be aware of 
with these complexes is their tendency to form dimers and oligomers through Pt-Pt 
and it-it stacking when the adsorbant concentration becomes too high. 
2 
At the University of Edinburgh, work has also been done with platinum bipyridine 
dithiolate complexes as sensitisers. Geary et al. 5 have recently studied a family of 
[Pt(II)(diimine)(dithiolate)J complexes which can be attached, via the carboxylic acids 
on the diinune, to T102 and tested as sensitisers in solar cells. The general formula for 
these compounds is Pt{X,X'(CO2R)2-2,2'-bipyridyl}(nmt)j where X = 3, 4 or 5 and R 




N Pt SJ CN 
RO2C 
Figure 3.1 [Pt{X,X'(CO2R)2-2,2'-bipyndyl}(mnt)i, where X = 3, 4 or 5 and R = H or Et. 
When tested in a solar cell, it was found that of the three different isomers, the 3,3' 
moiety performed best with a cell efficiency of 0.64 % compared to 0.63 % and 0.14 
% for the 4,4' and 5,5' compounds respectively. An explanation may be found in the 
geometry of these compounds. The crystal structure of the 3,3'-substituted species 
shows a twist in the bipyridyl ring and a loss in planarity (Figure 3.2) caused by steric 
hindrance of the ester groups. 
Figure 3.2 Crystal structure of [Pt { 3 ,3(CO 2CH2CH3)2-2,2-bipyridyl I (mnt)]. 
To investigate further, the recombination kinetics of the three compounds was 
measured. It was found that the 3,3' analogue showed slower recombination dynamics 
with a half-life of 3.2 x 10 s compared to 6.5 x 10 s for the 4,4' compound (Figure 
33)•6 Inhibition of this loss mechanism is a possible explanation for the better 
performance of the [Pt3,3'(CO 2H)2-2,2'-bipyridyl}(mnt)J complex. The twist in the 
normally planar bipyridine ligand could be reducing electronic coupling between the 
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Figure 3.3 Transient absorption data monitoring the charge recombination kinetics for 4 jim TiO2 films 
sensitised with dyes [Pt13,3'(CO 2H)2-2,2'-bipyridyl}(mnt)j (black) and [Pt(4,4(CO 2H)2 -2,2- 
bipyridyl) (mnt)] (grey). 6 
Recent DFT calculations reproduced the twisted structure in the 3,3' compound. A 
study of the LUMO and LUM0+1 molecular orbitals of the 3.3', 4,4' and 5,5' 
bipyridine compounds also showed some interesting results. 
HOMO 	 LUMO 	 LUMO +1 
Figure 3.4 HOMO, LIJMO and LIJMO±l isosurfaces for [Pt{4,4(CO 2CH2CH3)2 -2,2'-bipyridyl}(mnt)] 
Figure 3.4 shows the nature of the HOMO, LUMO and LUMO+I for the 
[Pt{4,4'(CO2CH2CH3 )2-2,2'-bipyridyl}(mnt)] compound. As expected, the HOMO is 
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based on the dithiolate ligand and the LUMO and LUMO+ I are delocalised evenly 
over the bipyridine ligand. Thus, excitation of the molecule involves a ligand-to-
ligand charge transfer. For the 5,5' compound, the frontier orbitals were qualitatively 
similar and Figure 3.5 shows that the LUMO and LUMO+l orbitals are again evenly 




Figure 3.5 LIJMO and LUM0+1 isosurfaces for [Pt {5,5'(CO 2CH2CH3)-2,2-bipyridyl}(mnt)]. 
However, the calculations for the [Pt{3,3'(CO2CH2CH3)2-2,2'-bipyridyl}(mnt)] do not 
give the same result. Although the HOMO orbital is similar to the 4,4' and 5,5' 
analogues, there is a difference in the LUMO and LUMO+1 orbitals. These can be 
seen in Figure 3.6. The twist in the bipyridine ligand seen in the crystal structure of 
the compound has been replicated in the geometric calculations and this is now 
affecting the distribution of the LUMO orbitals. The electron density is no longer 
evenly spread over the whole diimine ligand but asymmetrically distributed. In 
particular, the LUMO+I orbital is almost entirely located on only one of the pyridine 
rings that makes up the ligand. 
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LUMO LUMO + I 
Figure 3.6 LIJMO and LUMO+1 isosurfaces for [Pt {3,3(CO 2CH2CH3)2-2,2'-bipyridyl}(mnt)] 
In response to these studies, work concerning single substituted pyridine ligands as 
replacements to the bipyridine ligand has been carried out. Absence of the C-C bond 
between the two aromatic rings will completely decouple the two rings and may 
discourage recombination to a greater extent, hopefully improving performance. 
Although substituted pyridines have been investigated as ancillary ligands in metal 
sensitisers, 7  they have been rarely studied for Ru complexes and no studies of 
pyridine-platinum complexes have been reported where the pyridine has been used as 
an anchoring ligand. 
The aim of this research was to prepare analogues of the Pt(II)(diimine)(dithiolate) 
complexes made by Geary et al. 5 using substituted pyridines instead of the bipyridine 
ligand and then test them in a solar cell. The performances of both types of compound 




The platinum solar cell dye system is not expected to reach the high efficiencies of 
current ruthenium dyes due to poorer overlap between the HOMO and LUMO and 
smaller molar extinction coefficients. However, these Pt compounds are often used as 
models with which to explore new theories as they are generally easier to make. 
Investigating pyridine substitutes for bipyridine ligands on the platinum metal centre 
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Figure 3.7 Synthetic route for [Pt(pyridine) 2(dithiolate)] complexes. 
The [Pt(pyridine)2(dithiolate)] complexes [Pt(4-CO2R-py)2(mnt)J and [Pt(4-0O2R-
py)2(dmit)] where R = H and Me were synthesised using the route shown in Figure 
3.7. Reaction of two molar equivalents of the free 4-CO2R-py ligand with potassium 
tetrachloroplatinate(II) gave the dichloro-substituted platinum precursors and further 




The ester analogues (where R = CH3) were synthesised to aid the characterisation of 
the dye molecules as they show greater solubility in a wider range of solvents and 
produce clearer results in the techniques used. An additional consideration is the 
mode of binding the 4-CO2H-py ligand uses to attach to the titiania surface. Although 
many binding modes are possible, as discussed in Section 1.4.7., one of the more 
likely is through an ester linkage. Characterisation of the ester analogues will give a 
reasonable interpretation of the properties of the dye once it is attached onto the 
titania surface. The UV-Vis spectra of the 4-CO2H-py and 4-CO2CH3-py compounds 
are almost identical, both giving peaks around 36,000 cm (E = —2,700 Mcm'). The 
platinum chloride complexes [PtCl 2(4-CO2R-py)2] of these compounds (R = H, CH3) 
both give two peaks, one at 35,000 cm' (c = 7,000 M'cm) and the other at around 
30,000 cm' (s = - 4,000 M'cm'). 
3.3. 	The Ligands 
To enable full characterisation of the [Pt(pyridine)2(dithiolate)] complexes being 
investigated in this chapter, it was necessary to characterise the ligand compound 
before attachment to the platinum centre, and the resulting platinum dichloride 
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Figure 3.8 Cyclic Voltammogram of 4-CO 2CH3-py at 298 K, Scan rate 0.2 V s. 
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Cyclic voltammetry of 4-CO2CH3-py (Figure 3.8) shows an electrochemically 
reversible reduction at -1.69 V at 298 K. A cyclic voltammogram obtained using 
equimolar amounts of the ligand and ferrocene determined this to be a one-electron 





-1.50 	-1.25 	-1.00 	-0.75 	-0.50 	-0.25 
Figure 3.9 Cyclic voltammogram of 4-.0O 21-I-py at 298K, Scan rate at IN . and 0.2 V s 1 
4-CO2H-py has a reduction at -0.86 V but has a very broad return wave, which 
becomes broader at higher scan rates as shown in Figure 3.9. E12 at 0.1 Vs' is -0.71 
V. The electrochemical character of this compound is discussed in further detail in 
Chapter 6. The undesirable broadening seen in experiments of the acid group 
underlines the need of using the ester analogues of the acid compounds studied in this 
thesis during other characterization methods, as mentioned above. 
















3.3.2. 	 UVN1s Spectroelectrochemistsy 
3.3.2.1. 	4-CO2CH3-py 
Figure 3.10 OTTLE of 4-CO2CH3 -py at 233 K, E,, = -2.28V  
Oxidation State 0 -1 
Peak Position / cm-1 
(c / M'cm) 
36,500 (2,700) 32,300 (11,500) 
24,000 (6,000) 
The neutral 4-CO2CH3-py compound shows one high energy absorption band at 36,500 
cm -1 in its UV/ Visible Spectrum (Figure 3.10). This is assigned to a 7r_1t*  transition. On 
reduction to [4-0O 2CH3-pyf, two new bands appear at 32,300 cm' and 24,000 cm -1 . 
These are assigned to transitions involving the partially filled lower energy orbital. 
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3.3.3. 	EPR Spectroscopy 
E 
3350 	 Maanetic Field I G 	 3380 
Sim 
3350 	 Maanetic Field I G 	 3380 
Figure 3.11 EPR Spectrum and Simulation of 4-CO 2CH1-py' Eg -1.8 V 
The EPR spectrum of the monoreduced species [4-CO2CH3-pyJ is shown in Figure 
3.11. The g value is close to that of the free electron as expected for an electron based 
68 
Chapter 3 
on an organic compound. A good simulation for the experimental spectrum was 
achieved using the parameters shown in Table 3.1. 
Table 3.1 EPR Simulation Parameters for [4-03 2CH3 -py]. 
Parameter A value 
3H 1.050G 
2H 0.850G 




The biggest coupling is to the pyridine N nucleus with smaller couplings to two sets 
of two equivalent protons, those on the ortho position and those on the meta. 
However, it is uncertain which coupling corresponds to which position. A small 
coupling is observed to the three equivalent protons on the methyl ester group. Thus 
the reduction electron enters an orbital which spans the whole ligand. 
me 
Chapter 3 
3355 	Maanetic Field I G 
Figure 3.12 Experimental EPR spectrum for [4-CO 2 CH2CH3-pyf, E= -1.8 V. 
Figure 3.12 shows the experimental EPR spectrum for the mono-reduced ethyl ester 
substituted pyridine 4-CO2CH2CH3-py. This spectrum consists of 21 spectral lines 
compared to 22 for the 4-CO 2CH3-py and thus the two spectra can not be simulated to 
identical parameters. This shows that changing the R group on the ester substituent 
from a methyl to an ethyl group affects the results and so the reduction electron must 
be able to couple to the hydrogens on them. The simulation parameters for the 
spectrum in Figure 3.12 are given in Table 3.2. 
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Table Error! No text of specified style in document.! EPR Simulation Parameters for [4-CO 2CH2CH3- 
py], . 








3.3.4. 	DFT Calculations 
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Figure 3.13b The LUMO isosurface for 4-CO 2CH3-py. 
DFT calculations (see Section 2.3) carried out on 4-CO 2CH3-py show that the HOMO 
(Figure 3.13a) is based mainly on the aromatic ring carbons (C2, C3, C5 and C6) with 
only 0.11 % on the aromatic nitrogen (N 4) and 0.23 % on the aromatic carbon bound 
to the substituent. (C I ) The LUMO (Figure 3.13b) is spread over the aromatic ring 
and the carbonyl atoms of the substituent. Although Figure 3.13b suggests that none 
of the LUMO is situated on the methyl group, a small amount of electron density 
(0.18 % on C14 and 0.28 % and 0.27 % on two of the methyl hydrogens) is actually 
situated on this group. This agrees with the EPR results in 3.3.3 as the biggest 
couplings are to the ring nitrogen and hydrogen atoms and a small coupling is to the 
protons on the methyl group. In DFT calculations of the compound 4-CO2CH2CH3-
py, there is also a small amount of electron density (1.28 %) situated on the ethyl 
group on the ester substituent, spread over both carbons and all the hydrogens, thus 
explaining the extra couplings seen in the EPR spectrum for this compound. 
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34. 	The Platinum Dichloride Complexes 
3.4.1. 	Electrochemistry 
3.4.1.1. [PCI2(4-0O2CH3-py)2] 
I I Al 
0 
-1.5 	-1.0 	-0.6 	0 
Figure 3.14 Cyclic Voltammograni of [PtCl 2(4-CO2CH3-py)2] at 298 K, scan rate 0.8 V s 1 . 
Cyclic voltamnietrv of [PtC12(4-CO2CH3-py)21 (Figure 3.14) gives two 
electrochemically reversible reductions at -1.15 V and -1.32 V. Compared to the free 
ligand, the bound ligands are easier to reduce. This is due to the presence of the 
platinum centre drawing electrons away from the ligand which allows it to accept an 
extra electron much more readily. Both reductions are one-electron steps, determined 










-1.50 	-1.25 	-1.00 	-0.75 	-0.50 	-0.25 	0 
Figure 3.15 Cyclic Voltammetry of[PtC1 2(4-CO2H-py)2] at 298 K, scan rate 0.1 V s 3 . 
Cyclic voltammetry of the acid analogue [PtC12(4-CO2H-py)2] (Figure 3.15) gives E 112 
= -0.77 V. The two separate reductions of the complexed 4-CO 2H-py ligands can not 
be resolved, unlike in the [PtC1 2(4-CO2CH3-py)2] complex. From here onwards, 
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3.4.2. 	UVIVIs Spectroelectrochemistry 
-2.0 
40000.0 	 35000 	 30000 	 25000 	 20000 	 15000 	 11000.0 
CM-1 
Figure 3.16 OTTLE of [PLC12(4-CO2CH3-py)2] at 233 K. Egen -1.3 V 	and -1.6 Vi 
Oxidation State 0 -1 -2 
Peak Position / cm' 35,600 (7,800) 35, 600 (7,000) 35, 600 (6,500) 
' / M 1 cm 30,200 (4,800) 30,200 (6,900) 30,200 (10,400) 
24,400 (1,500) 24,400 (3,200) 
The neutral complex [PIC12(4-CO2CH3.-py)2] shows two absorption bands at 35,600 
cm' and 30,200 cm' (Figure 3.16, blue). The latter corresponds to the intraligand 
21_+1t* transitions, seen in the free ligand, which usually shift to lower energy on 
ligation to a metal centre. The extinction coefficient is approximately twice that of the 
free ligand, as expected due to the presence of two identical ligands in the complex. 
The higher energy band could be a further it-*it transition or a MLCT band. 
The monoreduced compound [PtC12(4-CO2CH3-py)21 -  (Figure 3.16, I ) exhibits an 
increase in intensity at 30,200 cm -1 , a decrease in intensity of 35,600 cm -1 and an extra 
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low energy band at 24,400 cm -1 . Further reduction to the di-reduced compound 
[PtC12(4-CO2CH3..-py)2] 2  (Figure 3.16, ) results in further increase of the 30,200 
cm' and 24,400 cm' bands and further decrease in the 35,600 cm-1 band. The 
spectrum of the reduced compound shows marked similarities to that of the mono-
reduced free ligand and it must therefore be concluded that the reduction electrons 
enter the 4-CO2CH3-py based orbitals. Furthermore, reducing from the mono- to di-
reduced compound, the spectrum simply shows an increase in intensity of the bands 
rather than formation of new ones, indicating that the ligands are reduced sequentially 
with very little interaction between them. 
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3.4.3. 	 EPR Spectroscopy 
3270 	 3460 Magnetic Field I G 
Simulation 
3270 	 3460 Magnetic Field I G 
Figure 3.17 EPR spectrum and simulation ofPtC1 2(4-CO2CFT3-py)2J 2 , E5 -1.4 V 
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The EPR spectrum of the reduced species [PtC12(4-0O2CH3-py)2] 2  is shown in 
Figure 3.17. A good simulation, assuming an s = V2 system, of the experimental 
spectrum was achieved using the parameters shown in Table 3.3. 
Table 3.3 EPR Simulation Parameters for [PtC1 2(4-CO2CH3-py)21' 





The electrons couple to the P1(11) centre with 55.5 G and to the N nucleus with 6.7 G. 
This is larger than the N coupling of 4.2 G in the free ligand and this suggests that the 
electron is more attracted towards the Pt (II) centre. Further couplings to other ligand 
nuclei could not be resolved since the linewidth of the signal required for successful 
simulation is larger than the predicted nuclei coupling values. As the electrons in the 
reduced species only couple to one N atom, not two, this means that each electron is 
based on only one of the ligands - in agreement with the OTTLE study of this 
complex (Section 3.4.2.). Holding the potential at very negative values (-1.9 V) did 
resulted in an increase in the signal rather than the collapse of signal seen in the 
bipryidine analogue complex which regains diamagnetic character. It is expected that 
a second electron would enter an orbital based on the other pyridine ligand. In DFT 
calculations, the LUMO and LUMO+l orbitals have platinum contributions from 
different Pt d orbitals, thus within the sensitivity of the technique, the same spectrum 
would be expected from both the mono- and di-reduced species. 
3.4.4. 	Crystal Structure 
The crystal structure of [PtC12(4-CO2CH3-pv)21 is shown in Figure 3.18. Yellow 
crystals were grown by slow evaporation of a DCM / Heptane solution. Method, 
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crystal properties, data collection, and refinement parameters are summarised in 
Appendix 1. The crystal structure was solved by Prof Simon Parsons. 
Figure 3.18 Crystal structure of [PtCl 2(4-CO2CH3-py)2]. Selected bond lengths (A) and angles (°): Pt- 
Cl(1) 2.2967(6), Pt-N(1) 2.018(2), N(1 )-Pt-N(1) 88.91(l 1), N(1 )-Pt-C1(l) 178.20(6), Cl(1 )-Pt--C1(1) 
92.32(3), C1(1)-Pt-N(1) 89.39(6). 
The bond length of both Pt-N bonds is 2.018(2) A and both Pt-Cl bonds are 2.2976(6) 
A. The Pt centre is planar with —90° between neighbouring groups and —180° 
between opposite groups. The torsion angle N1-Pt-N1-C2 is 80.55°. The complex has 
cis geometry which is expected due to the trans effect, and would aid the addition of 
the bidentate dithiolate ligand. To compare, the Pt-N bonds in the crystal structure of 
[Pt{3,3'(CO 2CH2CH3)2-2,2'-bipyndyl}(mnt)] (Figure 3.2) are slightly longer at 
2.074(10) and 2.058(8) A. 6 
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3.4.5. 	DFT Calculations 
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Figure 3.19 The HOMO isosurface for PtC12(4-CO2CH3-py)21. 
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Figure 3.21 The LTJM0+1 isosurface for [PtC1 2(4-0O2CH3-py)2]. 
DFT calculations were carried out on order to further support and aid interpretation of 
experimental data. Those for [PtC1 2(4-CO2CH3-py)2] show that the HOMO (Figure 
3.19) is evenly spread over the chlorine atoms and Pt metal centre. The LUMO and 
LUM0+1 orbitals (Figures 3.20 and 3.21) have very similar energies (-2.8952 eV, 
23264 cm' and -2.7456 eV, 22167 cm' respectively) but are shown to be based 
mainly on separate substituted pyridine ligands. This agrees with the OTTLE and 
EPR results discussed above as the first reduction electron would enter the LUMO on 
one ligand and the second reduction electron would enter the LUMO+1 on the other 
ligand rather than pair up. These results also agree with the DFT calculations of the 4-
CO2CH3-py compound as the biggest electron densities are based on the aromatic 
nitrogens (N3 and N9) and the "para" aromatic carbon opposite (C6 and C12). 
3.5. 	(Pt(4-CO2CH3-py)2(mnt)] 
[Pt(4-CO2CH3-py)2(mnt)}, the dipyridine analogue of the [Pt{4,4'-(CO2CH2CH3)2- 
2,2'-bipy} (mnt)] dye, is characterized here with the help of characterization of the 
precursor compounds reported above. This information is important to discover if this 
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compound is suitable for use in a dye-sensitised solar cell and to determine what to 
expect from its performance. 
3.5.1. 	Electrochemistry 
iIA1 
-2.0 	-1.5 	 -1.0 	-0.5 	0 	0.5 	 1.0 	1.5 	2.0 
E/V 
Figure 3.22 Cyclic voltainmetry of [Pt(4-CO 2CH3-py)2 (mnt)] at 298 K, scan rate 0.1 V s'
]  . 
Cyclic Voltammetry of [Pt(4-CO2CH3-py)2(mnt)] (Figure 3.22) shows two 
electrochemically reversible reductions at -1.25 V and -1.10 V and an irreversible 
oxidation at 1.24 V. After comparison with the electrochemistry of the platinum 
dichloride precursor [PtC12(4-CO2CH3-py)2], the two reductions can be assigned to 
the pyridine ligands - as they occur at almost the same potential - and the oxidation 
assigned to the mnt ligand as this is not present in the voltammogram of the [PtC12(4-
CO2CH3-py)21 precursor. 
For a dye to be viable within the energetics of a Ti02 dye-sensitised solar cell, the 
first reduction must be more negative than -0.9 V in order to inject an excited-stale 
electron into the titania conduction band and the first oxidation needs to be more 
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positive than 0.5 V so it will be reduced by the F/I3 redox electrolyte. 
12  Both these 
conditions are met in this dye molecule. 
3.5.2. 	UVIVIs Spectroelectrochemistry 
Figure 3.23 OTTLE of [Pt(4-CO 2CH3-py)2(mnt)] at 233K. E= -1.3 V 	and -1.6 V (2-) and 1.5 V 
Oxidation 0 -1 -2 +1 
State 
Peak 36,300 (13,500) 36,300 (13,200) 36,300 (13,900) 36,300 (17,900) 
Position / cm' 31,600 (10,000) 31,000 (16,200) 30,500 (21,600) 31,600 (7,700) 
(ci M'cnf) 25,700 (5,400) 24,500 (8,500) 24,000 (13,100) 25,700 (3,800) 
18,500 (1,300) 
The neutral [Pt(4-CO2CH3-py)2(mnt)] complex (Figure 3.23, blue) has two 
absorptions at 36,300 cm' and 31,600 cm' which correspond to ir—+it transitions 
and a lower energy band at 25,700 cnf' assigned to a ligand-to-ligand charge transfer 
(LLCT). Reduction to the mono-reduced (Figure 3.23, t'd) and di-reduced (Figure 
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3.23, 	) species retains the peak at 36,300 cm 1 , while the 31,600 cm' peak and 
lower energy LLCT band increase in intensity and shift slightly to lower energy. The 
spectrum of the mono- and di-reduced mnt compound shows marked similarities to 
that of the dichloride complex and it must therefore be concluded that on reduction 
the electrons still enter the 4-CO2CH3-py based orbitals. Again, reducing from the 
mono- to di-reduced compound, the spectrum simply shows an increase in intensity of 
the bands rather than formation of new ones, indicating that the ligands are reduced 
sequentially with very little interaction between them. Upon oxidation to [Pt(4-
CO2CH3-py)2(mnt)Y (Figure 3.23, pint) there is an increase in intensity at 36,300 cm -
1, a decrease in intensity at 31,600 cm' and 25,700 cm' and a further peak at 18,500 
cm' grows in. This was found to be reversible when the applied potential was 
returned to 0 V. 
Importantly, the LLCT band in the neutral complex is observed at the onset of the 
visible spectrum at 25,700 cm' (390 nm), enabling it to be used as a solar cell dye. As 
the LUMO is based on the pyridine ligands, absorption of solar energy excites the 
electron into an orbital that is in close proximity to the titania conduction band to 
enable electron injection to occur. 
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3.5.3. 	EPR Spectroscopy 
Experimental 
3320 	 Magnetic Field / G 	3410 
C 
3320 	 3410 
Magnetic Field I G 
	
Figure 3.24 EPR spectrum and simulation of [R(4-CO 2CH3-py)2(mnt)] 2 , E 	-1.8 V 
The EPR spectrum for the reduced species [Pt(4-CO2CH3-py)2(mnt)] generated at -1.8 
V is shown in Figure 3.24. A good simulation assuming an s = V2 system, for the 
experimental spectrum was obtained using the parameters in Table 3.4. 
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Table 3.4 EPR simulation parameters for [Pt(4-0O 2CH3-py)2(mnt)1 2 . 





The coupling constants to the Pt (II) metal centre and the N nuclei are 41 G and 6.7 G 
respectively. As with the dichloride precursor complexe, coupling is only seen to one 
nitrogen atom, not two, indicative of being based only on one pyndine ligand and 
again an increase of signal rather than a collapse was observed when holding at 
negative potentials. Coupling to other ligand nuclei are unresolved due to the large 
linewidth required to successfully simulate the spectrum. The coupling value to the 
nitrogen atom is unchanged from the dichloride complex but the electron no longer 
couples as strongly to the platinum centre, with coupling reduced from 55.5 U to 41 
G. As less coupling is seen to the platinum centre than in the dichloride precursor, 
this suggests that the orbital is more delocalised now that the mnt ligand has been 
attached. The result indicates that the LUMO is primarily based on the pyridine 
moiety so that when an electron from the dithiolate-based HOMO is excited by solar 
absorption into this orbital, it will be located nearer to the titania surface to allow 
electron injection to occur. 
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3.5.4. 	DFT Calculations 	0. 
C17N 	II 










Energy -5.2789 eV 
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Figure 3.25 The HOMO isosurface for [Pt(4-0O 2CH3-py)2(mn0]. 
0 
Figure 3.26 The LUMO and L1JM0+ isosurfaces for 
[Pt(4-0O 2CH3-py)2(mn0]. 
LUMO I_LUMO+1 




Atom % contribut" % contribut" 
Pt 2.81 3.91 
N2 11.31 11.72 
C3 3.38 3.53 
C4 4.03 3.64 
C5 11.36 11.36 
C6 3.22 4.06 
C7 3.84 3.00 
N8 11.42 11.60 
C9 3.97 3.02 
C10 3.19 4.06 
C11 11.43 11.22 
C12 4.17 3.62 
C13 3.25 3.37 
C14 3.62 3.76 
015 4.62 4.63 
016 1.82 1.87 
Cis 3.56 3.75 
019 4.53 4.69 
020 1.82 1.85 
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DFT calculations show that the HOMO (Figure 3.25) is based on the dithiolate ligand 
which has replaced the chlorine atoms present in the [PICI2(4-CO2CH3-py)2] 
precursor. Ths is expected as the absorption of [Pt(ll)(diimine)(dithiolate)] 
compounds have been attributed to a LLCT as discussed at the beginning of this 
chapter. The HOMO has a 12.6 % platinum character which shows that there is some 
mixed-metal contribution to the orbital. The LUMO and LUMO+1 (Figure 3.26) are 
based on the substituted pyridine ligands, agreeing with the cyclic voltammetry, 
UVIVis and EPR results that suggest the LUMO is pyridine ligand-based. The LUMO 
and LUMO+l have electron contributions from Pt, but based in different Pt d orbitals. 
However, unlike the platinum dichloride precursor, the IJJMO and LUMO+ 1 are 
spread over both ligands rather than just one. Further investigation showed that 
restricting the geometry of the pyridine ligands in LPt(4-CO2CH3-py)2(m1t)] to 900  in 
relation to one another caused the LUMO to be based entirely on only one of the 
pyridine  ligands rather than spread over both (Figure 3.27) and the LUMO+1 to be 
based entirely over the other pyridine. The energies of these two orbitals are close at - 
3.23 eV and 3.01 eV and within the limits of the calculation may be regarded as 
degenerate. 
Figure 3.27 The LUMO isosurface of [Pt(4-00 7CH3-py)2(mnt)] with the two 4-CO 2CH3-py ligand 
geometry restricted to 90° in respect to each other. 
However, comparing geometry restrictions to the values of 90°, 45° and 0.5° did not 
show any correlation with these angles to the spread of the LUMO over the pyridine 
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ligands. The difference in the LUMO energy between restrictions at 90 and 45 were 
only 0.04 eV. The system seems to be very finely balanced and unpredictable in 
regards to the LUMO delocalisation that is seen and the possible solutions too similar 
for one to be unambiguously preferred. The EPR spectrum of reduced [Pt(4-CO2CH3-
py)2(mnt)] supports the distribution seen in Figure 3.27 as the electrons only couple 
with one nitrogen atom each and thus must be in orbitals based entirely on one 
pyridine ligand. It is important to bear in mind that the calculations were performed 
on neutral molecules in the gas phase rather than reduced molecules in the solution 
phase as observed by EPR. 
3.5.5. 	Comparison with fPt(4,4 '(CO2CH2CH3.)2-2,2 '-bipy)(mnt)J 
The aim of this chapter was to investigate the effect of replacing the 2,2'-bipyridine 
ligand in [Pt{X,X'(CO 2R)2-2,2'-bipyridyl}(mnt)] (Figure 3.28) with two substituted 
pyridine compounds to see if this affects the cell performance and recombination 
kinetics of the dye in a dye-sensitised solar cell. To more fully understand the 
differences between the two dyes, the electrochemical and spectroelectrochemical 
characterisation results of the two are compared and discussed below. 
CN 
Pt 
*,-I ss:: 	CN 
Figure 3.28 [Pt(X,)C(CO 2R-2,2'-bipyridy1}(mnt)] where X = 3,4 or 5 and R = H or Et 
The [Pt{4.4'(CO2R)2-2,2'-bipyridyl}(mnt)] complex was previously synthesised and 








0.5 	 1.0 	 1.5 
EN 
Figure 3.29 Cyclic voltaminetry of the reductions (left) and oxidation (right) of [Pt {(4,4-CO 2CH2CH3- 
)r2,2'-bipy}(mnt)I at 298K, scan rate =0.1 V s 
The [Pt{(4,4'-CO 2CH2CH3-)2-2,2'-bipy}(mnt)] complex shows two electrochemically 
reversible reductions at -1.20 V and -0.65 V which are based on the bipyridine ligand 
and an irreversible oxidation at 1.39 V (Figure 3.29). The reductions of the substituted 
pyridine analogue [Pt(4-CO2CH3-py)2(mnt)J are at more negative potentials than both 
the bipyridine reductions. The oxidation in this compound has also shifted to a less 
positive potential. The oxidation-reduction gap for [Pt(4-CO 2CH3-py)2(mnt)] is 2.34 
V compared to 2.04 V for the bipyridine analogue. This means that the absorption 








Figure 3.30 OTTLE of [Pt{(4 14-CO2CH2CH3-)2-2,2'-bipy}(mnt)] at 233 K. E= -1.00 V i I - and - 
LoOV(:-. 
An OTTLE study of [Pt{(4,4'-CO2CH2CH3-)2-2,2-bipy}(mnt)] is shown in Figure 
3.30. The neutral bipyridine complex (Figure 3.30, black) shows similar peaks to the 
substituted pyridine analogue around the 30,000 cm -1 region which are assigned to 
transitions. There is also an LLCT transition at 18,900 cnf l which shifts to 
higher energy (25,700 cm'), shorter wavelength, in the pyridine analogue, which fits 
well with the larger oxidation - reduction energy gap seen in the electrochemistry. 
When the bipyridine complex is reduced (Figure 3.30, ) new bipyridine-based 
peaks grow in and in the direduced compound (Figure 3.30, green) the LLCT band 
disappears as the LUMO orbital fills up. This is significantly different to the pyridine 
analogue as the pyridine-based peaks and LLCT band do not disappear when di-
reduced but only increase in intensity, showing that the two reduction electrons which 






Figure 3.31 OTTLE of [Pt{(4,4'-CO 2CH2CH3-)2-2,2-bipy(mnt)] in 0.1 M TBABF4 I DMF at 233 K. 
1.5 V (+1>. 
When oxidised (Figure 3.31, blue), the t—t transitions of the bipyridine complex 
shift to lower energy and there is a decrease in intensity and shift to lower energy of 
the LLCT band too. In the pyridine complex, there is a decrease in intensity of the 
peaks and a peak grows in at 18,900 cm - ' which could be a similar lower energy shift 
of the LLCT. 
With EPR, the main differences with the bipyridme complex is that the electron 
couples to two nitrogen atoms and a spectrum can only be obtained for the mono-
reduced complex as the signal collapses when the second electron is added. The 
electrons therefore enter the same orbital, causing the complex to become diamagnetic 
upon addition of the second electron. This was also seen in the UV/Vis spectrum with 
the collapse of the LLCT peak. Mono-reduction of the pyridine analogue complex 
shows the electron coupling to one nitrogen rather than two and there is no decrease 
in signal when the compound is held at a very negative potential. This suggests that 
di-reduction of the compound would see the two electrons enter two different orbitals 
(one on each pyridine ligand) instead of the same orbital. A reduction in coupling to 
the platinum from the dichloride precursor (59.5 G) to the mnt complex (56.0 G) was 
also seen as with the di-pyridine complex (55.5 G to 41 G), supporting the possibility 
of greater electronic delocalization once the mnt ligand is attached. 
Chapter 3 
35.5.1. DFT Calculations 
DFT calculations on the [Pt(4,4'4CO2CH2CH3}2-bpy}(mnt)] complex were discussed 
at the beginning of this chapter and the HOMO, LUMO and LUMO+1 isosurfaces 
can be seen in Figure 3.4. 
Table 3.5 Comparison of the %Pt contribution in the calculated LUMO for various neutral complexes 
with the Pt coupling in EPR for their mono-reduced species. Data* obtained from published source 8 
and Chapter 3. 
Compound % Pt in LUIMO ' 95Pt coupling in 
EPR 
Ratio 
[Pt(4-CO 2CH3-py)2C12] 3.80 55.5 14.6 
[Pt(4-CO2CH3-py)2(mnt)] 2.81 41 14.6 
[Pt(4-CO2CH3-py)2(dmit)] 3.12 54 17.3 
iPt {3,3'-(CO 2CH2CH3)2-bpy} Cl 2J 7.8 45.5 5.8 
*EPt { 3,3'-(CO2CH2CH3)2-bpy} (mnt)J 5.8 42.0 7.2 
*[Pt{4,4.(CO2CH2CH3)2_bpy} (mnt)] 8.3 56.0 6.7 
The percentage contribution to the LUMO of the neutral molecule from the platinum 
centre calculated through DFT calculations carried out on various platinum dyes can 
be compared with the ' 95Pt coupling seen in experimental EPR data to see if any 
correlation can be seen. The values are shown in Table 3.5. The main difference 
between the [Pt(bipyridine)(dithiolale)] complexes and the pyridine analogues is the 
ratio between the platinum contribution and platinum coupling. Although the 
platinum centre has a greater contribution to the LUMO for the bipyridine 
compounds, this does not lead to a greater coupling to the platinum centre in the EPR 




The replacement of the bipyridine ligand with two pyridine ligands to make the [Pt(4-
CO2CH3-py)2(mnt)] complex unfortunately shifts the visible absorption of the dye to 
shorter wavelengths that do not match the visible spectrum so well. By replacing the 
mnt dithiolate ligand with an alternative dithiolate it is hoped that the HOMO can be 
raised in energy to bring the absorption spectrum back into longer wavelengths and be 
more suitable for use in solar cells. The dmit dithiolate was chosen for investigation 
and IIPt(4-0O2CH3-py)2(dmit)J is characterized below. 
3.6.1. 	Electrochemistry 
0 
0 	0.25 	0.5 	0.75 	1.0 	1.25 	1.5 	1.75 
E/V 
i I 
.1.75 	.15 	-1.25 	-1.0 	-0.76 	-0.5 	-0.25 	0 
E /V 
Figure 3.32 Cyclic voltammetry of [Pt(4-CO 2CH3-py)2(dmit)] at 298 K., scan rate =0.1 V s'. Top: 
Oxidation, Bottom: Reductions 
94 
Chapter 3 
Cyclic voltammetry of [Pt(4-CO 2CH3-py)2(dmit)] shows two electrochemically 
reversible reductions at -1. 13  V and -1.31 V (Figure 3.32 Bottom) and an oxidation at 
1.11 V (Figure 3.32 Top). Comparison with the dichloride precursor complex allows 
the reductions to be assigned as based on the pyridine ligands and the oxidation to be 
assigned observed on the dmit ligand. The oxidation-reduction energy difference is 
therefore 2.2 V. a smaller difference than in the mnt analogue. As the ligand 
reductions are more negative than -1 V and the oxidation more positive than 0.2 V 
this dye still shows the right energetics for investigating in a DSSC. 
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Figure 3.33 OTTLE of[Pt(4-CO 2CH3-py)2(dmit)} at 233 K. E, -1.2 V H and -1.6 V 2- and 1.5 V 
(I 
Oxidation 0 -1 -2 +1 
State 
Peak 36,100 (12,300) 36,100 (13,000) 36,100 (13,200) 35,800 (9,000) 
Position! cm 31,100 (8,100) 30,400 (15,000) 30,000 (21,100) 31,100 (5,200) 
24,200 (6,400) 24,000 (10,400) 
(8! M1cm1) 20,600 (4,300) 19,700 (3,600) 18,900 (3,500) 20,600 (1,300) 
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The neutral [Pt(4-CO2CH3-py)2(dmit)] complex (Figure 3.33, blue) shows peaks at 
36,100 cm' and 31,100 cm' which are assigned to it- transitions and a lower 
energy band at 20,600 cm' which is a ligand-to-ligand charge transfer (LLCT), 
occurring at a lower energy, longer wavelength, than the mnt complex, agreeing with 
the smaller HOMO-LUMO energy difference seen in the electrochemistry. Upon 
reduction to the mono- and di-reduced species ( and respectively), the peak 
at 36,100 cm' is retained; the peak at 31,100 cm - ' increases in intensity and shifts 
slightly to lower energy and a new band at 24,000 cm' grows in. The LLCT band also 
shifts to lower energy upon reduction. Again, the spectrum of the reduced compound 
shows marked similarities to that of the dichloride precursor complex and it must 
therefore be concluded that the reduction electrons enter the 4-CO2CH3-py based 
orbitals. When the complex is oxidised, all the peaks decrease in intensity and the 
LLCT band almost disappears. 
3.6.3. 	EPR Spectroscopy 
The EPR spectrum for [Pt(4-CO2CH3-py)2(dmit)J 2 is shown in Figure 3.34. This is 
simulated using the parameters in Table 3.6. 
Table 3.6 EPR simulation parameters for reduced [Pt(4-CO 2CH3-py)2(dmit)]. 
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Figure 3.34 EPR spectrum of reduced [Pt(4-CO 2CH3-py)2(dmit)], E8 -1.6 V 
The spectrum obtained was not resolved enough to determine any couplings other 
than for Pt at 54 G and to the aromatic nitrogen at 6.8 G. This is very similar to the 
couplings found for [PtC12(4-CO2CH3-py)2] (55.5 G and 6.7 G respectively) and 
again, the electron only couples to one nitrogen so it enters an orbital based on only 
one pyridine ligand. The dmit ligand does not seem to influence coupling to Pt as 





3.6.4. 	DFT Calculations 
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3.35 The HOMO isosurface of [Pt(4-CO2CH1-py)2(dmit)1. 
LUMO LUMO+1 




Atom % Contribut" % Contnbut" 
Pt 3.14 4.25 
N2 11.12 11.63 
N3 11.17 11.58 
C4 3.17 3.27 
Cs 4.09 3.78 
C6 11.16 11.19 
C7 3.24 3.99 
C8 3.76 3.03 
C9 3.78 3.01 
C10 3.26 3.97 
C11 11.22 11.13 
C12 4.11 3.76 
C13 3.19 3.25 
C22 3.64 3.83 
023 1.81 1.88 
C24 0.03 0.04 
025 4.60 4.71 
C26 3.66 3.81 
027 1.82 1.87 
C28 0.03 0.04 
029 4.63 4.68 
IF 
HOMO 
Energy -4.6258 eV 
-37311 cm' 





S 1 7 17.14 
Si8 6.52 
C 1 9 0.88 
S20 6.52 
S21 16.54 




Like the [Pt(4-0O2CH3-py)2(mnt)] calculations discussed above, DFT calculations on 
[Pt(4-CO2CH3-py)2(dmit)] show that the HOMO (Figure 3.35) is based on the dmit 
dithiolate ligand and the LUMO and LUMO+1 (Figure 3.36) are ligand-based, 
agreeing with characterisation results. The HOMO-Ll.JMO energy difference is 1.578 
eV which is much smaller than the 2.123 eV energy gap seen with the analogous mnt 
complex. agreeing with the electrochemical and spectroelectrochemical data 
discussed above. 
3.7. 	DSSC Testing 
The dyes [Pt(4-CO 2H-py)2(mnt)] and [Pt(4-CO 2H-py)2(dmi1)] were tested in a dye-
sensitised solar cell to see how well they performed. Details of sensitisation and cell 
construction can be found in Chapter 2. 
3.7.1. 	Results 
The performance parameters from the cells are reported in Table 3.7 below. 
Table 3.7 Performance parameters for [Pt(4-0O 2H-py)2(mnt)] and [Pt(4-0O 2H-py)2(dmit)J in a DSSC. 
Dye Conë'in Ratio I/mA Voc / 1cc' IPCE/% 
film /M mV (A./nm) 
N719 0.09 1 6.44 590 1.7 0.45 43.3 (450 rim) 
Blank cell 0 n/a 0.171 450 0.044 0.57 2.65 (400nm) 
0.1 (450rim) 
[Pt(4-CO2H- 0.022 0.24 0.074 300 8.6 x 10 0.39 
0.5 (450 nm) 
py)2(mnt)]  0.83 (400 nm) 
[Pt(4-CO2H- 0.014 0.16 0.057 190 4.0x 10 0.37 
0.7 (450nm) 
py)2(dmt)]  0.48 (485 nm) 
[Pt(4-CO2H-py)2(mnt)J and [Pt(4-CO2H-py)2(dmit)] both performed poorly when 
tested in a solar cell. Overall efficiencies were low at 8.6 x 10-3%  and 4.0 x 10 % 
respectively. Even the blank cell, containing no sensitised dye, gave a better overall 
efficiency of 0.044 %. However, it is more productive to compare the IPCE values as 
these are wavelength specific. In doing so, it can be seen that although the blank cell 
gives a high efficiency of 2.65 % at 400 rim, the start of the titania absorption, at the 
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longer wavelength of 450 rim, the IPCE is only 0.1 % whereas the sensitising dyes 
produce higher IPCEs of 0.5 and 0.7 %, as they still absorb in this region unlike T10 2. 
If the efficiency at the absorption maximum of the two dyes (25700 cnf' (390 nm) for 
mnt and 20600 cm' (485 rim) for dmit) is examined, the IPCE for the mnt compound 
increases, but the absorption overlaps with the titania absorption so this increase may 
not be coming  from the dye. However, the IPCE for the dmit compound decreases. 
Compared to the N719 cell made and tested under the same conditions, which gave an 
IPCE at 450 nm of 43.3 % and an overall efficiency of 1.7 %, the platinum-pyridine 
dyes perform extremely poorly. This is expected as the N719 has a much higher 
extinction coefficient and is a well-known and studied sensitiser. An added factor to 
this is the dye loading of the titania 0.09 M of N719 was sensitised onto the titania 
compared to much lower dye loadings of 0.022 M and 0.014 M for the platinum mnt 
and dmit dyes, therefore a ratio of 1: 0.24 and 1: 0.16 respectively, compared to N719. 
If dye loadings could be improved the efficiencies would perhaps increase to 0.02 or 
0.03 % but these are still far lower than for N719. 
There was concern that the dyes may have been dissociating from the titania surface 
once in contact with the electrolyte in the cell. A study to determine if any of the 
components of the electrolyte affected the colouring of the titania dye was carried out. 
The reference slides (Far left and Middle right, Figure 3.37) for [Pt(4-CO2H-
py)2(dmit)J and [Pt(4-0O 2H-py)2(mnt)J respectively were left in MeOH only. The test 
slides (Middle left and Far right) only lost very slight colouration when put into a 
solution of 3-methoxypropionitrile (3-MPN) containing 4-tert-butylpyridine (TBP) 
and were not affected by any other combinations of electrolyte not containing TBP. 
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Figure 3.37 Results from solvent study. Far left [Pt(4-CO2H-py)2(dmit)] in MeOH; Middle leftB 
[Pt(4.-0O2 H-py)2(dmit)J in 3-MPN + TBP; Middle right [Pt(4-CO2H-py)2(mnt)Jin MeOH: Far right 
[Pt(4-CO 2H-py)2(mnt)] in 3-MPN + TBP. 
3.7.2. 	Comparison with bipy complex 
The aim, however, was to investigate the effect of replacing the 4,4'(CO 2H)2-2,2'-bipy 
ligand in previously studied dyes 5 with two acid-substituted pyridine ligands as 
discussed at the beginning of this chapter. Table 3.8 reports the performance 
parameters of LPt{4,4'(CO2H)2-2,2'-bipy}(mrlt)] when tested in a cell to allow a 
comparison to be made. 
Table 3.8 Performance Parameters for [Pt(4,4'(CO 2I{)-2,2-bipy}(mnt)J in a DSSC. 
Dye Cone" in Ratio I, 	/ V, / iji/ % if IPCE 1%  
film /M  mA mA  (?Jnm) 
N719 0.09 1 644 590 1.7 0.45 43.3 (450nm) 
[Pt{4,4'(CO 2H)2- 0.067 0.74 0.132 352 0.023 0.50 3.75 (460 run) 
2,2'-bipy(nint)] 
______  5.92 (550 nm) 
[Pt(4-0O2H- 0.022 0.24 0.074 300 8.6 x 10 0.39 0.5 (450 nm) 
py)2(mnt)] 
The LPt{4,4'(CO2H)2-2,2'-bipy}(nmt)] dye also shows very poor overall efficiency of 
0.023 % compared to N719, but compared to 0.0086 % for [Pt(4-CO2H-py)2(mnt)J it 
performs much better. The bipyndine compound sensitised much better to the titania, 
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pyridine  analogue. If the dye loading of the latter were improved to the same 
concentration, the overall efficiency of the cell could become on a par with the 
bipryidine complex. However, the 1PCE values of the bipyridine complex are 
significantly better than the pyridine complex even when dye loading is taken into 
account. 
3.8. 	Kinetics Measurements 
For more comprehensive comparison between the Pt { 3,3 '-(CO 2H)2-2,2'-bipy} (mnt)] 
and IPt(4-CO2H-py)2(mnt)1 compounds, time-resolved recombination kinetics 
measurements were carried out to determine  the recombination life-times of the dyes. 
The titania was sensitised using the ester analogues of the dyes and base treatment of 
the surface to help hydrolyse the linker group. The sensitisation and experimental 
details are described in 2.4.3.4. [Pt{3.3'-(CO 2H)2-2,2'-bipy}(mnt)] was previously 
synthesised.' 
Figure 3.38 Transient absorption data monitoring the charge recombination kinetics for Ti0 2 film 
sensitised with [Pt(4-CO2CH3-py)2(mnt)I. 
Figure 3.38 shows the charge recombination kinetics for Pt(4-CO 2CH3-py)2(mnt)J 
sensitised onto a titania film using a base treatment method. At first glance, the 
recombination lifetime is much longer than the bipryidine 3,3' and 4,4' moieties 
discussed at the beginning of this chapter. The lifetime is 3.0 x 10.2  s compared to 3.2 
102 
Chapter 3 
x 10' s for the 3,3' (Table 3.9). However, it is likely that the base treatment of the 
titania slide helped to reduce the recombination effects and therefore lengthen the 
lifetime. Therefore, the recombination data for I Pt(4-CO2H-pv)2(mnt)] were compared 
to recombination data from [Pt{3,3'-(CO 2CH2CH3)2-2,2'-bipy}(mnt)J, the bipryidme 
ester compound, which was also sensitised onto titania using the same base treatment 
method. The results from this are shown in Figure 3.39 and Table 3.9. 
Excitation energy 300ut 50 16.1/cm, - 35x1 0.6 
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Figure 3.39 Transient absorption data monitoring the charge recombination kinetics for TiO2 film 
sensitised with [Pt(4-CO 2CH1-py)2(mnt)J ( 	) and [Pt3,3'.(CO 2CH2CH3)2-2,2!-bipy}(mnt)] (blue) 
Table 3.9 Charge recombination lifetimes for various platinum dyes. 
Dye Half-life / s 
[Pt {3,3'-(CO2H)-2,2'-bipy}(mnt)J 3.2 x 10 
[Pt {4,4'-(CO2H)-2,2'-bipy} (mnt)] 6.5 x 10-6 
[Pt{3,3'-(CO 2CH2CH3)-2,2'-bipy}(mnt)] 4.0 x 10.2 
[Pt(4-CO 2CH3-py)2(mnt)] 3.0 x 10.2 
The first thing to note is that the base treatment method of sensitising the titania with 









has increased from 3.2 x 104  s to 4.0 x 102 S. More importantly, substituting the 
bipyridine ligand with two pyridine ligands has retained the slow recombination 
kinetics seen in the 3,3'-bipv ligand as the life-times are in the same order of 
magnitude. 
3.9. 	Conclusion 
The pyridine complexes are electronically different in character to the bipy complexes 
as the LUMO and LUMO+1 are based on different pyridine ligands, thus the first and 
second reduction electrons enter different but identical orbitals rather than pairing up 
in the same orbital. This gives rise to the retention of its LLCT absorption band and 
did not result in a decrease in the paramagnetic signal in EPR. 
Replacement of bipy ligands with two monodtate pyridyl ligands in the Pt(II) 
complexes affords dyes which can still can still effectively sensitise titania and power 
a DSSC. Overall efficiencies of 8.6 x 10 % and 4.0 x 10 % were obtained for 
complexes with mnt and dmit respectively. These are poorer than the bipy analogue, 
which had an efficiency of 0.023 %, but the pyridyl complexes are certainly not 
optimised for the job. The presence of the pyridyl ligands shifts the dye absorption 
maximum to shorter wavelengths because the LUMO is raised in energy. This makes 
poorer use of the visible spectrum. If the IPCE values are compared at wavelengths 
optimised in the dyes, however, it is found that the pyridine compounds still perform 
poorly, with IPCEs an order of magnitude worse than the bipy analogue. The mnt 
compound absorption also overlaps with the titania absorption around 400 nm which, 
as shown bN1 the performance of the blank cell, can produce a current in the cell itself. 
An important factor to consider though, is the dye loading of the dye onto the titania 
film. 0.067 M of the bipy dye sensitised the titania compared to 0.022 M and 0.014 M 
for the pyridine mnt and dmit dyes respectively. The performance of these dyes could 
perhaps be improved slightly if the dye loading were optimised. 
The recombination kinetics results of the pyridine complexes show that although the 
relative geometric freedom of the ligands does not significantly increase the lifetime 
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of the charge-separated state, it does at least compare competitively with the 3,3'-bipy 
complex that has a greater lifetime than the 4,4'-bipy complex and can affect the 
performance of the dye. This provides further evidence to suggest that the long-lived 
excited state for the 3.3'-bipy complex arises from the reduced electronic coupling to 
the T102 caused by the twist out of planarity within the bipy ligand. An advantage of 
using pyridyl ligands in platinum complexes compared the bipy ligands, along with 
the retention of longer excited-state lifetimes, is the greater synthetic flexibility. As 
substituted pyridines are only monodentate it could be possible to replace one of the 
acid-substituted pyridines with another monodentate ligand without losing 
performance. This would allow tuning of the absorption maximum to a more optimum 
wavelength and synthesis of more panchromatic dyes. Pyridine ligands with other 
substituted groups, such as electron-withdrawing  groups like NO2, would help shift 
the LUMO and therefore the absorption towards the red. An electrochemical study of 
a number of substituted pyridines is reported in Chapter 6 which illustrates the 
variance of properties that the substituent group can bring about. 
These platinum dyes are not meant to be able to match the performances of the 
ruthenium dyes N3 and N719 as their MLCT extinction coefficients are much lower. 
The use of platinum dyes for this investigation is intended as a model to discover the 
effect of pyridines as an alternative to commonly used bipys after Geary's original 
study of the anchor ligand. The next logical step is to therefore investigate the effect 
of pyridine ligands on a ruthenium dye. This is reported in Chapter 5. 
3.10. 	Experimental 
The compounds 4-CO2CH3-py and 4-CO2H-py were purchased from Aidrich/Fluka. 
K2PIC14 was provided by Johnson Matthey. AcyI-dmit was made previously by Dr 
Neil Robertson using a published synthesis. 9 . Na2(mnt) was supplied by Mr. Donald 




3.10.1. 	Synthesis of fPtCl2 '4-CO2CH3-pyhJ 
K2[PtC1 4] ( 198.4 mg, 0.478 mmol) and 4-CO2CH3-py (130.3 mg. 0.951 mmol) were 
refluxed in deionised water (50 mL) for an hour. The yellow precipitate was filtered, 
washed with diethyl ether and then dried in a vacuum. The solid was recistallised 
from a hot saturated solution of DMF. Yield: 82 % (212 mg, 0.392 mmol); MS 
(FABMS), m':: 540 {M also peaks at 505 {M-Cl}, 468 (M-2Cl}; Anal. Calcd for 
PtCl2N204C 1411 14 : C, 31.11: H, 2.59; N. 5.19. Found C, 31.02; H, 2.61; N, 5.02: 'H 
NMR (200 MHz, CDC13): 6 4.0 (6H, s), 6 7.8 (4H, d), 6 8.9 (41-1, d). IR (KBr, cm -1 ): 
1729 (s) (C=O stretch). 
3.10.2. 	Synthesis of fPtCl2(4-CO2H-py)73 
K2IPtCI41 (203.4 mg, 0.49 mmol) and 4-CO 2H-py (114.9 mg, 0.934 mmol) were 
refluxed in deionised water (50 ml-) for an hour. The water was then removed in 
vacuo to leave a yellow solid. This was then washed with diethyl ether and dried in a 
vacuum and recrystallised from a hot saturated solution of DMF. Yield: 63 % (158 
mg, 0.308 mmol); MS (FABMS), m/z 512 {M} 4 also peaks at 476 {M-Cl}, 443 {M-
2C1}; 'H NMR (250 MHz, DMSO-d6): 6 8.1 (41-1, d), 6 9.0 (41-1. d). 
3.10.3. 	Synthesis of fPt('4-0O2CH3-py)24mnt1J 
IPtCl2(4-CO2CH3-py)21 (120 mg. 0.222 mmol) dissolved in dry DCM (50 mL) and 
Na2(mnt) (41.3 mg, 0.222 mmol) in dry MeOH (20 mL) were mixed together and 
stirred at room temperature for 2 hours under N2(g). The solvent volume was then 
reduced to 20 % in vacuo (with no heating) and the remaining solution was left 
overnight in the fridge. The resulting precipitate was collected using filtration. Yield: 
41% (55.5 mg, 0.091 mmol); MS (FABMS), m/z: 610 (MY also peaks at 473 {M-
L}; Anal. Calcd for PtS 2N404C,8H,4 + 21-120; C, 33.48; H, 2.17; N, 8.68. Found: C, 
33.69; H, 1.96 ; N, 8.84; 'H NMR (250 MHz, CDCI 3 ): 68.7 (41-1, d), 67.8 (4H, d), 63.9 
(61-1, s). IR (KBr, cm'): 1730 (s) (C=O stretch), 2203 (s) (CN stretch). 
3.10.4. 	Synthesis of(Pt(4-CO2CH3-py)2(dmit)J 
Na metal (8 mg, 0.35 mmol) was added to 100 ml of dry MeOH under N2 to make 2 
molar equivalents of NaOMe. Acyl-dmit (68 mg, 0.17 mmol) was ground up and 
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added to this solution and stirred until all solid had dissolved and the solution was 
deep red in colour. 11  [PtCl2(4-CO2CH3-py)21 (91.0 mg, 0.17 mmol) was dissolved in 
dry DCM and the dmit solution was added to this dropwise over 10 minutes. This was 
stirred at room temperature for 2 hrs under N2. The solvent volume was then reduced 
to 20 % in vacuo (with no heating) and the remaining black solution was left 
overnight in the fridge. The brown precipitate was collected. Anal. Calcd for 
PtS5N204C17H,4: C. 30.68; H, 2.11; N, 4.21 Found: C. 29.30; H, 2.03; N, 4.84.: not 
'H NMR (250 MHz, CDCI3): 68.9 (4H,d), 68.4 (4H, d), 64.0 (614, s). 
	
3.10.5. 	Synthesis of(Pt(4-CO 2H-py)2(mnt)J 
[PtCl 2(4-CO2H-py)2] (119 mg. 0.20 mmol) in dry DCM and Na 2(mnt) (43 mg, 0.23 
mmol) in dry MeOH were refiuxed for 2 hours under N2(g). The The solvent volume 
was then reduced to 20 % in vacuo (with no heating). Isopropyl alcohol ('50 mL) was 
added and the mixture was stored in the freezer until a brown precipitate formed. This 
was collected using filtration and dried under vacuum. Anal. Calcd for 
PtS2N404C,8H10; C, 33.05; H, 1.72; N, 9.64. Found: C, 32.86; H, 1.83; N, 9.43; H 1 
NMR (250 MHz, DMSO-d6): 67.5 (411, d), 68.5 (4H, d). 
3.10.6. 	Synthesis of Pt'4-CO2H-pyJ2f'dmitJJ 
Na metal (10.7 mg, 0.46 mmol) was added to dry MeOH (100 mL) under N2 to make 
2 molar equivalents of NaOMe. Acyl-dmit (94 mg, 0.23 mmol) was ground, added to 
this and stirred until all of the solid had dissolved and the solution was deep red in 
colour. [Pt(4-CO 2H-py)2C12] (119 mg, 0.20 mmol) dissolved in dry DCM was then 
added and the solution was refiuxed for 2 hrs under N2. The solvents were then 
removed in vacuo to reduce the volume to 20%. Isopropyl alcohol (-50 mL) was 
added and the mixture was left in the freezer until a precipitate formed. The solid was 
collected using centrifuge and the remaining solution was decanted. This solvent was 
then removed in vacuo to give desired product. Yield: 35 % (47 mg, 0.07 mmol); MS 
(FABMS) m/z: 635 (M-2H Anal. Calcd for PtS5N20 4C15H,0; C, 28.26; H, 1.57; N, 
4.40. Found: C, 28.35; H, 1.60; N, 4.39; 1 H NMR (250 Hz, DMSO-d 6): 67.7 (4H, d), 
68.6 (411, d). 
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3.10.7. 	Synthesis of fPt(4,4 '(CO2R)r2,2 '-bipyridyl)(mnt)J 
Based on a reported synthesis. 5 IPt{4,4'(CO2R)2-bpy} Cl 2] (0.1 g, 1.86 mmol) was 
dissolved in 2 equivalents of I M KOH(aq) under N2(g) and a solution of Na2(mnt) 
(0.35 g, 1.88 mmol) in dry methanol (5 mL) was added. The reaction was allowed to 
stir at room temperature under N 2 for 48 K The product was precipitated using 2 
equivalents of concentrated HC1. The solid was separated out using centrifuge and 
dried under a vacuum. Product was identified using UV-Vis and compared with 
published data 6 
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Chapter 4 Substituted Nitro Pyridines and their 
Platinum Complexes 
4.1. 	Introduction 
Although many chemical groups have been investigated as linkers for sensitising 
dyes in DSSCs (see Section 1.4.7.), use of the NO 2 group to attach to the 
semiconductor has never been reported. Replacing the common acid linking group 
with a nitro group could, however, prove interesting. Nitro-pyridines and bipyridines 
reduce at more positive potentials than the acid/ester-pyridine compounds and may 
allow better fit with the energetics of the cell and the solar spectrum and open up the 
possibility of fine-tuning within dye design, particularly in reference to panchromatic 
dyes mentioned at the end of Chapter 3. Unfortunately, the NO 2 groups may prove 
not to have a strong enough association with titania to enable electron injection to 
occur and be used as linker groups, but there may be the possibility that they would 
link well to other semiconductors, e.g. ZnO. In this chapter we communicate the 
synthesis, characterisation and cell testing of the nitropyridine analogue of the mnt 
dye discussed in Chapter 3. 
4.2. 	Synthesis 
02N 	 0 2N 
( -L 1 	PCI3 	 K 2PtCI 4 
DCM IL 
N 	 N 
0 
NO 2 ç/NO2 
CIN /N 	 Na2mnt 	
NC 	S\ /N 
N 	DC  I MeOH under N2 2hrs 
Pt PtN 
ci" C— N NC 
NO 2 	 NO 2 
Figure 4.1 Synthetic route for [Pt(4-NO 2-py)2 (nmt)] complex. 
The [Pt(di-pyridine)(dithiolate)J complex [Pt(4-NO 2-py)2(mn0] was synthesised 
using the route showed in Figure 4.1. Reaction of two molar equivalents of the free 
4-NOrpy ligand with potassium tetrachloroplatinate gave the dichioro-substituted 
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platinum precursor and further reaction of this compound with the disodium salt of 
mnt gave the desired product. Although Elemental Analysis of this compound was 
out by —3 % (See Section 4.8.3), the consistency of all other characterisation results 
with the precursor compounds and the [Pt(4-CO2CH3-py)2(mnt)1 analogue suggests 
the target compound was synthesised. The synthesis of 4-NO 2-py and [PtCl2(4-NO2- 
py)21 compounds have been previously reported.' 
4.3. 	[Pt(4-NO 2-py)2(mnt)] 
[Pt(4-NO2-py)2(mnt)I is characterized here and compared with electrochemical and 
spectroelectrochemical (in situ Uv-Vis and EPR) characterization of the precursor 
compounds 4-NO2-py and PtC12(4-NO2-py)2] previously reported by Loma Jack.' 
This information is important to discover if this compound is suitable for use in a 
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Figure 4.2 Cyclic voltammetry of [Pt(4-NO 2 -py)2(mnt)j at 298 K, scan rate = 0.1 V s 1 . 
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The cyclic voltammetry of [Pt(4-NO2-py)2(mnt)] is shown in Figure 4.2. An 
electrochemically reversible peak with E112 at -0.46 V corresponds to the reduction of 
the two attached nitro-pyridine ligands as they occur at the same potential as they do 
in the cyclic voltammetry of dichloride precursor complex IPtC12(4-NO2-py)21. The 
differential pulse voltammogram shows this reduction as a broad peak with two 
shoulders, suggesting that there are two close reductions, one for each ligand as seen 
in the dichloride precursor, which gave two closely positioned reductions at -0.44 V 
and -0.47 V. There is also an mnt-based oxidation at 1.28 V. This makes the 
oxidation-reduction difference 1.74 V. This is much smaller than the 2.34 V 
difference seen with [Pt(4-CO 2CH3 -py)2(mnt)] so it is expected that the low-energy 
absorption will shift to longer wavelength. However, the reductions are more positive 
than -1 V. unlike the methyl esters, which may cause problems matching the 
energetics of the DSSC. 
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Figure 4.3 OTILE of [Pt(4-NO 2-py)2(mnt)Jat 233 K. Eg -1.0 V (2-) and 1.5 V 
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Oxidation State 0 -2 +1 
Peak Position I 33,600 (20,000) 35.000 (27,000) 36,000 (34,000) 
cm 1 30,700 (17,000) 30,700 (18,000) 30,700 (19,000) 
(E / M'cm') 25,000 (7,500) 25,000 (10.000) 16,500 (840) 
shoulder around 19,000 (4,700) 
22,000 
The neutral [Pt(4-NO2-py)2(mnt)1 complex (Figure 4.3, blue) shows bands at 33,600 
cm, 30,700 cm' and 25,000 cm' which shows a marked similarity to the neutral 
spectrum for the neutral [PtC1 2(4-NO2-py)21 precursor, which had a broad band with 
three shoulders at 33,800 cm'. 30,900 cm' and 27,900 cm', where the lowest 
energy shoulders were attributed to MLCT transitions and all other peaks were 
assigned as it - it intraligand transitions. There is also an extra band at 22,000 cm' 
in the mnt complex which can be assigned to a ligand-to-ligand charge transfer 
(LLCT). This occurs at a longer wavelength than the 25,700 cm -1 band in LPt(4-
CO2CH3-py)2(mnt)] as expected. 
Upon reduction to the di-reduced species (Figure 4.3, L, rcn), the bands at 30,700 cm - 
I  and 25,000 cni' increase in intensity and peaks at 35,000 cm -1 and 19,000 cm' 
grow in. Again, this is similar to the [PtC1 2(4-NO2-py)21 precursor which had peaks 
grow in at 30,300 cm-1 , 25,800 cm 1 and 19,200 cm. Comparison of both these 
complexes with the 4-NO 2-py compound allows us to assign the peaks at 30,300 cm - 
I and 19,200 cm' to it- it' transitions located on the nitropyridine ligands as they 
occur at similar energies, although slightly shifted to lower energy due to 
complexation to the metal centre. The 25,800 cm' band can be assigned to a metal-
to-ligand charge transfer. As the sequential pyridine reductions in the complex occur 
at such similar potentials (as seen in the cyclic voltammetry) it is not possible to 
generate the mono-reduced species, although it would be expected to give a similar 
but less intense spectrum to the di-reduced species. 
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When oxidized (Figure 4.3, pink), a peak at 36,000 cm' grows in, the 30,700 cm' 
band increases intensity and 25000cm 1 loses intensity. A low energy band at 16,500 
cm' also appears. The reversibility of this process was not determined but it does 
show a similarity to the oxidized spectrum for the [Pt(4-CO 2CH3-py)2(mnt)] 
analogue. 
4.3.3. 	EPR Spectroscopy 
Experimental 
3320 	 Magnetic Field I G 	 3410 
Figure 4.4a EPR spectra for [Pt(4-NO 2-py)2(mnt)] 2 at 233K, E,, = -1.0 V 
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3320 	 3410 
Figure 4.4b EPR simulation for LPt(4-NO 2-py)2(mnt)f at 233K, Eg = -1.0 V 
The EPR spectrum for [Pt(4-NO 2-py)2(mnt)1 2 is shown in Figure 4.4a. This was 
simulated (Figure 4.4b) using the parameters in Table 4.1. 
Table 4.1 EPR Simulation Parameters for [Pt(4-NO 2-py)2(mnt)] 2 at 233K. 
Parameter A value 















The electrons couple with the Pt(II) centre and to the two nitrogen atoms on the 
pyridine ligands. The coupling to the platinum (II) centre has decreased to 29 G 
compared with 34 G for the dichloride precursor complex which was previously 
recorded by Loma Jack in 0.3 M TBAB174 I DCM. 1 . The couplings to the nitrogen 
atoms on the substituted pyridine ligands have increased from 5.4 G and 4.1 G to 7.9 
G and 5.1 G. In situ EPR 15N-labelling experiments carried out by Itoh et al. 
2  on 4. 
15NO2-py have confirmed that in this compound, it is the nitrogen in the NO2 group 
that the electron couples more strongly to. Thus, upon reduction the electron enters 
an orbital that is largely based on the nitro group. Similar ' 5N-labelling studies 
carried out by Murray 3 on 4- 15NO2-bpy also confirmed that the larger coupling is 
from the nitro group. However, it is not possible to determine definitely which 
coupling corresponds to which nitrogen in the [Pt(4-NO 2-py)2(mnt)] complex. The 
couplings seen for this complex suggest that addition of the dithiolate ligand has 
caused the electrons to move further onto the pyridine ligands, ideal in the solar cell 
as these are the ligands that are intended to bind to the titania surface. Again, the 
direduced compound remains paramagnetic with the electrons going onto separate 
pyridine ligands with no interaction observed between them. 
4.3.4. 	DFT Calculations 
DFT calculations were performed on [Pt(4-NO2-py) 2(mnt)1 as well as the precursor 
compound [PtC1 2(4-NO2-py)2] and the 4-NO2-py compound. The results for all are 
presented below and discussed together at the end of this section. 
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Figure 4.6 The HOMO isosurface of [PtC1 2(4-NO2-py)2]. 
Figure 4.7 The LUMO isosurface of[PtC1 2(4-NO2-py)2J. 
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Figure 4.8 The LUMO+1 isosurface of [PtC1 2(4-NO2-py)2]. 
HOMO 
Atom (see inset) 	% Contribut" 
Energy 	-5.741 eV 
-46309 cm' 
Pt 	 11.87 
S20 	 26.26 
C21 10.20 
C22 	 10.20 
S23 	 26.25 
C24 0.08 
C25 	 0.08 
N26 3.69 
N27 3.69 


























Atom % Contribut % Contribute 
Pt 2.51 3.17 
N2 7.61 7.80 
C3 1.81  1.84 
C4 3.70 3.42 
C5 7.02 6.99 
C6 3.00 3.68 
C7 2.07 1.59 
N 8 7.71 7.71 
C9 1.83 1.81 
C10 3.74 3.38 
C11 7.12 6.90 
C12 3.04 3.64 
C13 2.09 1.57 
N 14 7.54 8.08 
015 7.14 7.55 
016 7.17 7.49 
Ni 7 7.64 7.98 
Oig 7.24 7.46 
019 7.26 7.39 
S. 
Figure 4.10 The LUMO isosurface and LUMO and LUMO+1 data for P(4-NO 2-py)2(mnt)]. 
DFT calculations show that the 4-NO2-py HOMO (Figure 4.5 (left)) is based on the 
aromatic ring. Once two of these pyridine compounds bind to platinum, the HOMO 
moves largely to the chlorine and Pt atoms (Figure 4.6) in [PtCl 2(4-NO2-py)2] and on 
to the dithiolate ligand (Figure 4.9) in [Pt(4-NO 2-py)2(mnt)]. The LUMO of 4-NO2-
py (Figure 4.5 (right)) before complexation to the platinum metal centre is spread 
over the whole of the ligand with 39 % of the orbital based on the NO2 group itself 
This agrees with EPR results for 4-NO2-py as there is a large coupling to the nitrogen 
atom of the NO2 group. The replacement of the CO 2CH3 group with an NO2 group 
has therefore shifted the LUMO position further onto the substituent. The LUMO 
and LUMO+1 of [PtC12(4-NO2-py)2] (Figures 4.7 and 4.8) are spread over the 
pyridine moieties but based mainly on the NO2 substituent groups. The effect of 
replacing the ester group with the nitro group changes the distribution of the LUMO 
and LUMO+ I over the ligands as the nitro group attracts more of the electron 
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density. The electron withdrawing properties of the NO2 functionality mean that a 
larger proportion (47.52 % compared to 20.03 % for the esters) of these two orbitals 
are based on the substituent group rather than the aromatic pyridine ring. 4 % is 
based on the platinum centre. The LUMO and LUMO+1 for [Pt(4-NO 2-py)2(mn0] 
(Figure 4.10) are similar to those of the dichloride precursor but the addition of the 
mnt ligand has delocalized the orbitals so that the platinum centre contribution is 
slightly smaller at 2-3 %. As with the ester analogues described in Chapter 3, it is not 
certain whether the LUMO is based over both pyridine ligands or just on one of 
them, within the limits of the calculations. EPR results suggest that the latter scenario 
is correct. 
4.4. 	DSSC Testing 
Before testing the LPt(4-NO2-py)2(mnt)] dye, it was important to determine if the 
nitro-group on the substituted pyridines within the dye would actually bind to the 
titania surface, given that no examples of nitro-anchoring groups have been 
published. Several different dye baths with various solvent combinations were set up 
with blank Ti02 slides over 48 hours to see if sensitisation would occur. 
-a 	 p 
9,AWK Dm1: OMSO WSW iwI TNF PioH 
I*gCP4 
Figure 4.11 Sensitisation results of Ti0 2 slides left in various solvent dye baths for 48 hrs. 
As Figure 4.11 shows, all the different solvent combinations allowed absorption of 
[Pt(4-NO2-py)2(mnt)] onto titania. The MeOH bath gave the most strongly coloured 
slide and therefore encouraged sensitisation better than the others. This solvent was 
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used to sensitise the working electrode ready for cell testing. Details of sensitization 
and cell construction can be found in Chapter 2. 
4.4.1. 	Results 
The [Pt(4-NO2-pv)2(mnt)] dye was tested in a dve-sensitised solar cell to see how 
well it performed. The performance parameters are shown in Table 4.2. 
Table 4.2 Performance Parameters for [Pt(4-NO 2-py)2(mnt)] in a DSSC. 
Dye Conch in Ratio 1. / mA V)C / mV r 	/ % if IPCE / % 
film /M (A./run) 
N719 0.09 1 6.44 590 1.7 0.45 43.3 (45 run) 
Blank 0 n/a 0.017 450 0.044 0.57 0.1 (450 rim) 
"(4-NO2- 0.008 0.09 0.060 20 9.02 x l0 0.75 0.6 (450nm) 
py)2(mnt)] ____________ _____  
[Pt(4-NO2-py)2(mnt)] performed poorly compared to N719. The IPCE at 450 rim was 
0.6 % which is better than the blank cell at the same wavelength, but much lower 
than N719. Similar IPCE values were found for the acid-substituted pyridine 
complexes discussed in Chapter 3. 
4.4.2. 	Effect of Electrolyte 
During cell construction, it was noticed that on introduction of the electrolyte into the 
cell, the [Pt(4-NO2-py)2(mnt)] dye appeared to dissociate from the titania surface, 
leaving a much paler colour and lower surface concentration. Further investigation 
into which component of the electrolyte (composed of 3-methoxypropionitrile (3-
MPN), 0.5 M 4-tert-butylpyridine (TBP), 0.5 M Lii and 0.05 M 12) was causing this 
showed that TBP and, to a much larger extent, the I / 1 3 species were responsible. 
Figure 4.12 shows the change in colour seen after introducing sensitised titania slides 
into a variety of electrolyte mixtures which allowed this conclusion to be made. A 
slide was put into MeOH (1) to use as a reference. 
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Figure 4.12 1. MeOH 2. 3-MPN 3. 3-MPN + TBP 4. 3-MPN + Lii 5. 3-MPN + Lii +12 6. 3-MPN + 
Lil 12  TBP. 
Dye was also lost from the surface when slides were introduced into solutions of 
Propyl-methyl-imida.zolium-iodide (PMII), which can be used as a replacement for 
the Lii component within the electrolyte, showing that desorption is not caused by 
the Li ion in the solution. Ferrocene can also be used as an alternative redox couple 
to iodide/triiodide in the electrolyte but this also desorbed the dye when the cell was 
submerged in a Ferrocene / MeCN solution. 
The sensitivity of [Pt(4-NO 2-py)2(mn1)J to the cell electrolyte strongly suggests that 
the dye molecule is not well anchored to the titania surface. This is further supported 
by the fact that the acid analogues [Pt(4-CO2H-py)2(mnt)] and [Pt(4-CO2H-
py)2(dmit)] were only slightly dissociated from the titania surface by TBP and were 
stable to the f / 1 3 redox couple in the electrolyte as discussed in Section 3.7.1, 
showing that they have a much stronger bond to the surface. It is unknown how an 
NO2 group would bind to the surface of T10 2. but it could be through physisorption 
alone. N.B. The concentration in the film in Table 4.2 was calculated through 
desorption of the dye remaining after treatment by the electrolyte. 
4.5. 	Conclusion 
The nitro group as an anchoring ligand in solar sensitisers has not been reported 
before. By replacing the more typical acid/ester groups in the [Pt(4-CO2CH3- 
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py)2(mnt)] dye characterized and tested in Chapter 3 it was possible to examine how 
well the nitro substituent group would affect a solar cell dye. 
The replacement of the acid group With the nitro group causes the first reduction 
potential to shift to more positive values and therefore reduce the oxidation-reduction 
potential gap in the dye. This also causes the absorption wavelength to shift to longer 
wavelengths, i.e. more into the visible region. This is promising in regards to 
absorption of solar radiation for solar cells, but the change in reduction potential may 
perhaps cause problems with the energetics of a DSSC. The LUTVIO energy is now 
much lower and may not be high enough to be able to inject into the empty Ti02 
band. EPR results and DFT Calculations, however, show that in other aspects, the 
nitro-pvridine analogue is essentially the same as the acid/ester compound, with the 
LUMO and LHMO+l based on separate pyridine ligands with no interaction 
between them. 
[Pt(4-NO2-py)2(mnt)] is also able to absorb onto titania, resulting in reasonable 
colouration of the film. However, although the dye readily absorbs onto the film 
surface, it does not appear to be as stable as the acid dyes to dissociation from the 
film. The nitro compound readily desorbed from the titania when in contact with the 
electrolyte in the cell, particularly when in contact with the iodide/tniodide redox 
couple that typically regenerates the dye to the ground state. This suggests that the 
dye may have been bound physically but not chemically as the acid groups are. 
When the dye's performance in a cell was tested, a negligible overall efficiency of 
was achieved. This is so low, that it is not possible to conclude whether electron-
injection is even occurring. This could be explained by poorer interaction with the 
titania surface due to less stable anchoring. As the dye readily desorbed in the 
presence of the electrolyte leaving a low molar concentration of 0.008 M in the 
titania film, this also would cause a low performance. The IPCE of the nitro-
compound was at 0.6 % at 450 rum which is also very low. 
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The poor anchoring and stability in regards to sensitizing the titania and bad 
performance in the cell suggests that nitro-group anchoring ligands are unsuitable for 
use in dye-sensitised solar cells. However, as the nitro groups lower the LUMO and 
red shift the absorption wavelengths, it may be possible to incorporate them into 
other dyes in order to make them more panchromatic. As nitro-pyridines are 
monodentate, the possibility of adding them into complexes to tune the absorption 
wavelength could be explored, perhaps with an acid-subsituted pyridine in the 
complex too to provide the titania binding and electron injection site. 
4.6. 	Experimental 
4-NO2-py N-oxide and Pd3 were bought from Aidrich/Fluka K 2[PtCl4] was 
provided by Johnson Matthey. AcyI-dmit was previously made by Dr. Neil 
Robertson using a published synthesis. 4 Na2(mnt) was supplied by Mr. Donald 
Robertson and prepared as previously reported. 5 
4.6.1. 	Synthesis of 4-NO2-py 
4-NO2-py was prepared using a known s nthesis. 6 A solution of 4-nitropyridine N-
oxide (042 g, 3 mmol) in anhydrous DCM (25 ml) was treated with a catalytic 
amount of PCI3 (0.35 ml, 4 mmol) and heated under reflux for 1 hour. The DCM was 
then evaporated off and the resulting yellow residue was treated with water (10 ml). 
NaOH was added until the solution was slightly alkaline and then extracted 
exhaustively with 0CM. The combined DCM portions were dried (MgSO4). The 
CHCI3 was removed under vacuum, giving crude 4-NO2-py as a yellow residue 
which solidified when allowed to cool. The crude product was recrystallised from a 
1:3 CHCI3: hexane mixture. Yield: 81 % (0.3 g, 2.4 mmol); Anal. Calcd for 
C5H4N202: C. 48.39 %; H, 3.25 %; N, 22.58 %; Found: C, 48.25%; H, 3.12; N, 
22.35. 'H NMR (250Hz, CDCI3): 6 8.0 (2H, dd), 6 8.9 (2H, dd). 
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4.6.2. 	Synthesis of fPtCI2 4-NO.,-pyJ 
K2[PtCI4] ( 130 mg, 0.313 mmol) and 4-NO2-py (216 mg, 1.74 mmol) were refluxed 
in deionised water (50 mL) for an hour. The yellow precipitate was then filtered and 
washed with diethyl ether and dried in a vacuuni This was then recrystallised from a 
hot saturated solution of DMF. Yield: 52 % (83 mg, 0.163 mmol); MS (FABMS) 
nvz: 515 M); Anal. Calcd for PtCl2N404C,0H8 ± 2H20; C, 21.81; H, 2.18: N, 
10.18; Found: C, 21.72; H, 1.11; N, 9.53. 'H NMR (250 MHz, CDC13): 69.0 (41-1, d), 
8.0 (4H, t). 
4.6.3. 	Synthesis of fPt4-NO2-py,l2(mnt,)1 
A solution of PtC12(4-NO2-py)21 (200 mg, 0.389 mmol) was dissolved in dry DCM 
(50 mL) and Na2(mnt) (72.3 mg, 0.389 mmol) dissolved in dry MeOH (20 mL) were 
mixed together and stirred under N2 for 2 hours. The solvent volume was reduced to 
20 % in wicuo (avoiding any heating) and the remaining solution was left overnight 
in the fridge. The precipitate was collected by filtration. Yield: 68 % (154 mg, 0.264 
mmol); Anal. Calcd for PtS2N604C14H8; C, 32.48; H, 2.11; N, 16.84. Found: C, 
28.82; H, 1.37; N, 14.41;'H NMR (250 MHz, DMSO-d6): ö8. 1 (dd), 88.9 (m) 
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Chapter 5 Ruthenium Complexes of Substituted 
Pyridines 
5.1. 	Introduction 
The best performing dyes used in DSSCs are d 6 Ruthenium complexes, with N3 and 
N719 showing up to 12 % efficiency as described earlier in this thesis (Section 1.4.3). 
These systems differ from the d 8 Platinum complexes as light absorption involves a 
metal-to-ligand charge transfer from the Ru-L2 centre to the ir  orbitals on the 
bipyridine ligand rather than the ligand-to-ligand charge transfer described in Chapter 
3. Ruthenium bipvridyl complexes have much higher extinction coefficients than the 
platinum bipyridyl complexes due to improved spatial overlap between the HOMO 
and the LUMO orbitals now that the HOMO is based on the ruthenium centre. This is 
an important factor in the design of DSSCs as higher extinction coefficients mean that 
less dye needs to be absorbed onto the titania without losing out on light absorption. 
This could then lead to thinner dye layers and overall thinner solar cells. The 
investigation into solid state electrolytes with the aim to replace the liquid 
iodine/triiodide electrolyte has shown that the charge transport within the solid layer 
compared to the liquid one is dramatically slowed, affecting the performance of the 
cell. Thinner cells would help to reduce this problem. Extending ir-systems within the 
dye molecule has led to improvement of extinction coefficients 1 . A number of 
sensitizers with high extinction coefficients have also been modified to try and reduce 
loss mechanisms, for example, incorporating an ion-coordinating functionality into 
the dye that traps the Li ions that can detrimentally influence the T102 conduction 
band and recombination rates. 2 
Figure 5.1 Structures of K77 (left) and [Ru{(9,9-bis(4-methoxyphenyl)4,5---diazafluorene)L(NCS) 2 1 
where L = (4,4'-0O 2H)-2,2'-bipyridine (right). 
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Two examples of dyes with high extinction coefficients are K77 3 and a ruthenium 
complex containing a 4,5-diazafluorene moiety 4 (Figure 5.1). These have shown 
overall cell efficiencies of 10.5 % and 7.3 % respectively. 
Synthesis and characterisation of Ruthenium complexes containing four pyridine 
ligands have been reported by a number of groups. Coe et al. 5 synthesised trans-
RuC12(py)4 (where py = pyridine) and the absorption spectrum showed peaks in the 
visible region at 25.100 cm' (8 = 25,100 M 1 cni 1 ) and 22,200 cm' (8 = 7,800 M4 
cm'). The similar bipryidine compound trans-[RuCl2(dcbpyH2)2J (where dcbpyH2 = 
4,4'-dicarboxvlic acid-2,2'-bipyridine) has peaks at 22,700 cm (8 = 8,000 M cm'), 
16.900 cm (e = 8,400 M' cm') and 14,500 cm' (8 = 6,000 M' cm
1
). 6 
tDesjardins  et a17  have also investigated pyridine-containing ruthenium complexes 
also containing (chlorophenyl)cyanamide ligands. High extinction coefficients were 
obtained for this series with charge transfer bands in the range 26,000-28,000 cm' 
reaching extinction coefficients as high as 33,100 M 1 cm'. This work shows the 
potential for pyridine-containing sensitisers to have high extinction coefficients, 
perfect for the ongoing quest to make thinner solar cells. 
Our investigation into use of substituted pyridines has therefore led us to add them to 
a ruthenium metal centre, discover their absorption characteristics and test their 
performance in a dye-sensitised solar cell. A few examples have been reported by 
Meyer 8-11  where the 4-CO2CH3-py and 4-CO 2H-py ligands described in this thesis 
have been used in ruthenium sensitisers as anchoring ligands. These complexes show 
long-lived excited states and good photochemical stability once bound to the 
semiconductor, and electron injection occurred remotely through auxiliary ligands 
rather than through the bound ester groups. With the potential for reduced charge 
recombination rates, as seen in the platinum system in Chapter 3, and high extinction 
coefficients, multi-pyridine ruthenium complexes as sensitisers for DSSCs are an 
interesting area to investigate. 
cis-[RuC12(dcbpyH 2 )2] had peaks at 23,000 cm' (e = 10,000 M' cm') and 




DMSO 	 4-X-pv 
RuC1 3 3H20 	 RuCl(DMSO)4 	-. 	RuCl2(4-X-py)4 
Figure 5.2 Synthetic route for the [Ru(pyridyl) 4C12] complex. 
Figure 5.2 shows the synthetic route used to make the dyes reported and tested in this 
chapter. [RuC13(OH)3], provided by Johnson Matthey, was reacted with an excess of 
DMSO to gain our main starting compound of [RuC12(DMSO)4]. This compound was 
then reacted with a large excess of 4-X-py (where X = CO2CH3 or CO2H) in order to 
achieve full replacement of the DMSO ligands to make [RuC12(4-X-py)4]. A side-
product also precipitated out and this was determined to be [RuCl 2(DMSO)2(4-X-
py)2] from mass spectrometry analysis. This compound was taken to be tested in a 
dye-sensitised solar cell but difficulty in attaching this dye to T10 2 meant that 
measurements could not be taken. However, formation of this compound could be 
synthetically useful should further work look into adding auxiliary ligands onto the 
ruthenium centre. 
It is uncertain whether the cis or trans isomers of these ruthenium complexes have 
been made. NMR spectra of [RuCl 2(4-CO2CH3-py)41 and [RuC1 2(4-CO2H-py)4] are 
shown in Figure 5.3 and Figure 5.4 respectively. From the clean doublet peaks in 
Figure 5.3 at 8.7 ppm and 7.8 ppm it can be suggested that the trans-[RuC12(4-
CO2CH3-py)4] has been synthesised as all the aromatic hydrogens on the four pyridine 
ligands would be in the same environment. In Figure 5.4, more peaks in this region 
are seen and they have a more mutliplet character. Therefore, it is more likely that a 
mixture of the cis-and Irans-[RuC12(4-CO2H-py)41 isomers have been formed, giving 
rise to several more hydrogen environments. 
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Figure 5.3 NIM1R spectrum of [RuC12(4-CO2CH3-py)4J in CDCI 3. 
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Figure 5.4 NMR spectrum of [RuC1 2(4-CO2H-py)4] in D20. 
5.3. 	(RuCl2(4-CO2CH3-py)4] 
Due to the undesirable broadening seen in the cyclic volatammogram of the 4-CO2H-
py compound, (see Sections 3.2 and 3.3.1.2 in Chapter 3) the ester analogue 
[RuC12(4-CO2CH3-py)4] has been used to charactense the electrochemical and 
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Figure 5.5 Cyclic Voltammetry of IRuC12(4-CO2CHrpy)41 in 0.3 M TBABF4 / DCM at 298 K at Scan 
rate 0.1 V s- 1 . 
Cyclic voltammetr of [RuC1 2(4-CO2CH3-py)4] in 0.3 M TBABF4 I DCM (Figure 5.5) 
gives a electrochemically reversible reduction at -0.72 V, which is ligand based. The 
number of electrons involved in this reduction has not been determined but the large 
area compared to the other peaks suggest that it is a multi-electron process and that 
more than one pyridine ligand gets reduced at this potential. An electrochemically 
reversible oxidation at 1.20 V and a quasi-reversible oxidation at 1.36 V are also seen. 
These oxidations are thought to be ruthenium based. The [RuCl 2(DMSO)4] precursor 
compound in 0.1 M TBABF 4 / DMF had oxidations at 1.39 V and 0.79 V. The 
presence of two ruthenium oxidations could perhaps indicate a mixture of both the cis 
and trans isomers of this complex. The peaks at 0.69 V and 0.93 V are much smaller 
and are likely to be impurities. The same electrochemistry result was seen in 0.1 M 
TBABF4 I DMF but with slightly shifted peaks at -0.74 V (reduction), 0.57 V, 0.82 V. 
1.13 V and 1.28 V. 
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Figure 5.6 OTTLE of [RuC1 2(4-0O2CH3-py)4j. E= 	1 1 , 1 1.and 1.5 V. 
Oxidation State 0 -1.5V +1.0V +1.5V 
Peak Position! 36,800 (30,500) 36,800 (32,000) 35,800 (34,000) 35,800 (47,000) 
cm-1 28,400 (9,400) 28,400 (14,000) 27,000 (14,000) 27,000 (12,000) 
(8 / Mcm') 21,200 (25,000) 21,200 (25,000) 21,200 (4,000) 21,200 (4,000) 
shI8,700 (17,000) sh18,700 (19,000) 
An OTTLE study of [RuCl 2(4-CO2CH3-py)4] is shown in Figure 5.6. The first thing to 
note is the high extinction coefficients of the absorption bands for the neutral species. 
The peaks in the visible region at 21,200 cm - 'and a shoulder at 18,700 cm have 
extinction coefficients of 8= 25,000 M' cm- ' and 17,000 M' cm- 'respectively. These 
peaks are attributed to a MLCT. There is also a peak at 36800 cm which are it-'it 
transitions on the pyridine ligands. On holding the system at -1.5 V, the complex is 











the MLCT band collapses and the high energy it_3t* transition band increases and 
slightly shifts to 35,800 cm'. When the solution is held at an even more positive 
potential (1.5 V), this peak increases even more. 
5.3.3. 	EPR Spectroscopy 
Ex 
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Figure 5.7b EPR simulation for reduced [RuCl 2(4-CO2CI I-py )], E = 1.O V. 
Table 5.1 EPR simulation parameters for reduced [RuC1 2(4-0O2CH3-py)4]. 
Parameter A value 
IN 6.95 G 





The EPR spectra obtained for the reduced compound [RuC1 2(4-CO2CH3-py)4] is 
shown in Figure 5.7a This was successfully simulated (Figure 5.7b)usmg the 
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parameters in Table 5.1. The reduction electron(s) only couple to one nitrogen which 
means that the electron enters an orbital located on only one pyridine ligand with no 
interaction to any other pyridine ligands. 
5.3.4. 	DFT Calculations 
Although it has not been determined whether the cis or trans isomer of [RuCl2(4-
CO2CH3-pv)4] has been synthesized, NMR suggests that the trans was formed and 
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Figure 5.9 The LUMO isosurface for [RuC1 2(4-0O2CH3-py)4]. 
DFT calculations show that the HOMO (Figure 5.8) is based mainly on the central 
ruthenium ion with 66 % of the orbital positioned here and the remainder on the 
chlorine atoms. The LUMO (Figure 5.9) is ligand based (only 1.8 % is based on the 
ruthenium), mainly on the aromatic nitrogen and the carbon positioned in the "para" 
position. This matches the expectation that the absorption of ruthenium-pyridyl 
complexes involves a MLCT from the ruthenium metal centre to the it orbitals on the 
ligand. The LUMO is spread over two of the pyridine ligands but the EPR data 
suggests that the reduction electron enters an orbital based on only one of these 
ligands. As discussed in Section 3.5.4, it is likely that the DFT calculations are unable 
to determine whether the LUMO and LUMO+1 orbitals are based on only one 
pyridine ligand or spread over both. 
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5.4. 	DSSC Testing 
The [RuCl2(4-0O2H-py)4] complex was taken to be tested in a solar cell. A 
description of the dye sensitization and cell construction process is described in 
Chapter 2. 
5.4.1. 	Results 
The performance parameters of this cell are reported in Table 5.2. 
Table 5.2 Performance parameters for [RuCl 2(4-0O2H-py)4] in a DSSC. 
Dye Conc" in Ratio I / mA V 	I i 	/ % if IPCE / % 
film/M mV (AJnm) 
N719 0.09 1 6.44 590 1.7 0.45 43.3(450 rum) 
[RuC1 2(4-0O2H-py)41 0.0011 0.01 0.025 0.287 5.8 x 10-3 0.81 1.6 (420nm) 
Compared to N719, [RuCl 2(4-CO2H-py)4 performs poorly in a dye-sensitised cell 
giving an overall efficiency of 5.8 x 10 % and only an IPCE at 420 rim of 1.6 % 
However, much of this result could be down to the poor dye loading of the ruthenium-
pyridyl onto the titania. Only 0.0011 M of this complex was present in the titania film 
whereas 0.09 M, almost 100 times more dye, was present in the N719 cell. The 
loading  could perhaps be improved if the sensitisation conditions were optimised by, 
for example, using a different solvent, higher concentration dye bath or longer 
sensitisation time. The presence of the two chlorine atoms in [RuC12(4-CO2H-py)4] 
also works against the dye as it is not so well matched to the solar spectrum as a 
pyridyl analogue of N719 (with N CS groups instead of the Cl atoms) would be. 
5.5. 	Conclusion and Future Work 
Ruthenium-pyridyl complexes have promise in dye-sensitised solar cells as they have 
particularly large extinction coefficients which could be suitable for making thinner 
cells. The complex [RuC1 2(4-CO2CH3-py)4] showed extinction coefficients of 25,000 
and 17,000 M 1 cm' in the visible region compared to values of 10,000 and 11,000 M - 
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cm- ' for the czs-[Ru(dcbpyEt2)2(Cl)21 12. The peaks also shifted to 21,200 cm-1 and 
18,700 cm' from 23,000 cm' and 16,900 cm -1 on replacement of the bipryidine 
ligands with substituted pyridines. cis- [Ru(dcbpyH2)2(NC S)21, (N3/N719) gives peaks 
with extinction coefficients of 14,300 and 14,500 M' cm' at 24,500 cm-1 and 18,100 
cm' respectively. 6  Unfortunately, the peaks in the pyridine compound [RuC12(4-
CO2CH3-pv)4] are shifted to due to the chlorine atoms and the pyridine ligands which 
mean it is not absorbing at the most optimised wavelengths for a DSSC. This dye did 
work in a solar cell although poor dye loading and shifted absorptions may explain the 
poor performance with N719. Exploring different solvents and dye bath conditions 
could lead to an optimised sensitisation process that would improve the dye loading 
and therefore cell performance. Ideally, the next step would also be to make the 
pyridine analogue of N719, i.e. [Ru(4-CO2H-py)4(NCS)2], and test this in a solar cell 
and investigate its absorption properties. 
Another option for further work is to use a range of substituted pyridine ligands to 
attempt to tune the dye to more optimum wavelengths. By attaching a mixture of 
pyridine ligands with various substituent groups on to the ruthenium centre the 
absorption peaks of the dye may be shifted to better suit its function. Perhaps only 
attaching one or two 4-CO2H-py compounds on to the metal centre would free up 
extra coordination sites for a nitro-pyridine or other substituted pyridines that would 
lower the LtJMO level to a more suitable level in order to shift the absorption 
wavelength. This may also leave the high extinction coefficients seen with pyndine-
ruthenium complexes uncompromised. 
5.6. 	Experimental 
5.6.1. 	Synthesis of(RuCl2(DMSO)4J 
[RuCl2(DMSO)4] was synthesized based on a known synthesis. 13  Ruthenium 
trichloride trihydrate (1 g, 3.89 mmol) was refluxed in DMSO (10 ml) for 5 minutes 
under N2. After leaving to cool, acetone (40 ml) was added and a yellow precipitate 
formed. After leaving to stir under N2 for 1-2 hours the precipitate was filtered; 
washed with acetone and ether recrystallised from DMSO and dried under vacuum. 13 
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Yield: 43 % (0.809 g, 1.67 mmol); MS (FABMS) m/z; 484 (M). Anal. Calcd for; C, 
19.83; H, 4.95; N. 0. Found: C, 18.84; H, 5.09; N, 0. 
5.6.2 	 Synthesis of fRuCI4-CO2CH3-PyJ4J 
[RuCl2(DMSO)4] (0.139 g, 0.29 mmol) and a large excess of 4-CO2CH3-py (1.5 g, 
10.95 mmol) were refluxed for 6 hours in DCM. Ethanol was added to the solution 
and it was left in the freezer for a few days. A precipitate was filtered off and the 
ethanol removed in vacuo. Toluene was then added to the solution which was then left 
in the freezer for a few more days. The precipitate was then filtered off. The 
remaining solvent was removed in vacuo to leave a red liquid. This was then 
dissolved in DCM and purified by column chromatography using Sephadex-LH20 as 
the separating medium. Positive FAB MS; 720 {M}. Anal. Calcd for; C,46.67; H, 
3.89; N, 7.78. Found: C, 45.43: H. 2.84; N, 10.36. 'H NMR (250MFIz. CDCI3): ö 3.9 
(12H, s), ö 7.8 (81-1 1 d), 6 8.7 (81-1, d). 
*Shown by Mass Spectrometry to be [RuC1 2(4-CO2CH3-py)2(DMSO)2]. 
5.6.3. 	Synthesis of fRuCl2(4-CO2H-py)41 
[RuC12(DMSO)4] (0.2 g, 0.43 mmol) was dissolved in dry DCM (50 in]) and a large 
excess of 4-CO2H-py (0.6 g, 4 mmol), dissolved in a minimum  amount of 1M 
KOH(aq) used to deprotonate the free ligand. The solution was refluxed for 7 hours 
under N2(g). The aqueous layer turned deep red. The layers were separated and the 
aqueous layer treated with 1 M HC1 until acidic, whereby a fine red precipitate 
formed. This was removed by centrifuge and left to dry. The product was then 
recrystallised from a minimum amount of hot MeOH solvent. The UV-Vis spectrum 
was identical to the spectrum for [RuC12(4-CO2CH3-py)4]. Positive FAB MS; 663 
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Chapter 6 Solvent Studies of Substituted Pyridines 
and their Complexes 
6.1. 	Introduction 
Previous studies' have shown that the solvent / electrolyte can have a noticeable effect 
on the electrochemical properties of a compound. The fact that the solvent can have 
such an effect is an important consideration when designing and developing DSSCs, 
as one of the main components of the cell is the electrolyte. If the electrochemistry 
and spectroscopy of a sensitising dye is perfect for a cell with a certain electrolyte, it 
will not necessarily be the perfect dye if a different electrolyte or solvent is used. 
When absorption bands are solvatochromatic, for example for [Ru(dcbH 2)(CN)4] 2 
(where dcbH2 is 4,4'-CO2H)2-bpy), 2  or redox potentials are solvent dependant, the 
change in solvent is going to affect the overall performance of a cell. Platinum (II) 
diimne compounds are an example of dyes that possess solvatochromatic absorption 
bands .3 Solvent could also affect the stability of the cell components if it encourages 
the making or breaking of the wrong bonds, for example desorption of the dye. 4A 
perfect example of this is the role of the electrolyte in stripping off [Pt(4-NO2-
py)2(mnt)] from titania, the dye characterised and tested in Chapter 4 of this thesis 
(see Section 4.6.2). Even the absorption spectrum of the solvent itself could affect the 
ability of the sensitiser to absorb the required wavelength. 
Various studies on the effect of electrolytes on the cell and dye performance have 
been undertaken. 5  Dye regeneration depends on the redox couple used and 
conductivity of the electrolyte. 6 Absorption maxima of dyes shift depending on the 
Ti02 acidic environment. 7 Photovoltaic performance decreases upon Li (present in 
the electrolyte) adsorption to the titania surface. 8 The absorption spectrum of dyes on 
T102 are affected by the presence of solvent molecules, where they possibly act as 
spacer molecules thus hindering dye molecule aggregation. 9 Conduction band position 
can also be affected by the nature and pH of the solvent. 
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New cells are always being investigated which involve the replacement of standard 
components, such as ZnO semi-conductors replacing commonly used T10 2 and solid 
electrolytes instead of liquid ones. The new properties of these materials will all be 
affected by solvent in different ways, and in turn affect the dye's function. Solid-state 
cells are particularly interesting as they would overcome the industrial limitations that 
the high-performing liquid cells have. These "dry" cells could be obtained by using 
solid polymer electrolytes, gel electrolytes or hole transport materials to replace the 
volatile organic solvents that are currently used- 12  These solid state electrolytes give 
rise to a whole new area of study in terms of cell performance, and yet a further area 
in which to optimise the performance of DSSCs. Working towards understanding how 
solvents can affect the character of a compound could allow dye design to be much 
more effective and help to reach the goal of safe and efficient solar power. 
Another aspect is the effect of water within the solvent. With liquid cells, organic 
solvents are used as the electrolyte. However, if manufactured commercially, it is not 
economically viable to use ultra dry organic solvents and they will contain some 
water. It is important to investigate how water in the solvents may affect the 
performance of the dyes and the cell overall. 
This thesis has been concerned with substituted pyridines and their use in solar cell 
dyes. Previous chapters show that substituted pyridines can be used as ligands in 
platinum and ruthenium based sensitisers. ' 3 However, the replacement of bipyridyl 
ligands with pyridine ligands alters the absorption spectrum of the dyes in a 
detrimental way. As discussed in Chapter 3, a future pathway to overcome this effect 
could be the use of complexes with multiple substituted pyridines attached to 
encourage panchromaticitv which better matches the solar spectrum. Many possible 
substituent groups are available on pyridine ligands which are often cheap and readily 
available or easy to synthesise. In this chapter we report a study of a range of 
substituted pyridines and the effect solvent has on their electrochemical properties. 
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6.2. 	E 112 Potentials of Substituted Pyridines 
Cyclic voltammetry was used to determine the E1.2 potentials of a number of 
substituted pyridines. Unless otherwise stated, each electrochemical study was carried 
out in 0.1 M TBABF 4 / DMF and showed a reversible reduction process in this 
solvent. The electronic effect of the substituent group and position was investigated 
and the results are discussed below. 
6.2.1. 	Effect of Substituent Group 
The E12 values for a number of substituted pyridines with the formula 4-X-py, where 
X = NO2, CO2H, CN, CO2CH3, CO2CH2CH3, C6H5, NFl2 and CHO are shown in 
Table 6.1. The position of the reduction peak is also shown. 
Table 6.1 E 1 and reduction peaks for 4.-X-py. Me = CH 3, Et = CH2CH3, Ph = C6H5 at 295 K, scan rate 
=ftI Vs'. 
X NO2 CO2H CN CO2CH3 CO2CH2CH3 Ph NH2 CHO 
E112/V -0.73 -0.71 -1.68 -1.69 -1.72 -2.09 n/a - 
Redn -0.77 -0.86 -1.76 -1.74 -1.76 -2.13 n/a -1.45 
peak I 
-1.84 
4-NO2-py has a relatively positive Ei,2 potential of -0.73 V and is therefore one of the 
easiest of these substituted pyridines to reduce. This is because the electron-
withdrawing nature of the NO2 group allows good stabilization of the reduced 
compound with its extra electron. The ester compounds 4-CO 2CH3-py and 4-
CO2CH2CH3-py have much more negative potentials of -1.69 V and -1.72 V 
respectively. Thus, the ester groups do not have as strong a stabilization effect on the 
reduced form of the compound as the nitro group does. Another observation is that the 
difference in reduction potential in 4-CO 2R-py between R = CH 3 and R = CH2CH3 is 
very small. This suggests that the R group has a similar influence on the stabilization 
of the reduced compound. 
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An exception to this is when R = H which makes the substituted group a carboxylic 
acid rather than an ester. In the cyclic voltammogram (Chapter 3, Figure 3.9) for this 
compound, the reduction peak is seen but the oxidation is broad, giving rise to an E 1 12 
potential of -0.71 V. To give a better comparison within this study, the reduction peak 
positions can be compared. The 4-CO2H-py reduction peak occurs at -0.86 V 
compared to -0.77 V for 4-NO2-py and -1.74 V for 4-CO2CH3-py. When R = H. the 
reduction is greatly shifted to more positive potentials than would be expected given 
the similarity of the compound to 4-CO 2CH3-py. The position of the reduction peak is 
also concentration dependant (Table 6.2 and Figure 6.1) with higher concentrations 
showing a more negatively positioned E 112 Potential, and making the compound 
harder to reduce. The exact cause of this behaviour is unknown but it clearly indicates 
that 4-CO2H-py must be treated differently from the other substituted pyridine 
compounds since  other substituents show no concentration-dependent behaviour. 
Table 6.2 E 1 ,2 potentials for 4-0O 2H-py at various concentrations. 
Concentration E 1 	Potential / V 
0.0005 M -0.45 
0.001 M -0.48 
0.002 M -0.52 
0.003 M -0.55 
0.005 M -0.57 
0.0075 M -0.60 










Concentration / M 
Figure 6.1 E 1112 Potentials for 4-0O2H-py vs analyte concentration 
4-CN-py has an E 1 potential of -1.68 V, very similar to the 4-CO 2R-py compounds. 
The cyanide group is electron withdrawing, which allows good stabilization of the 
extra negative charge of the reduced form. 4-Ph-py is, however, much harder to 
reduce (E112 =-2.09 V). The phenyl group is much less electron withdrawing than the 
cyanide and ester groups and hence the more negative E 112 value. 
4-NH2-py was also examined. However, this compound is far more difficult to reduce 
than the others so its E 112 potential is beyond the solvent window, i.e. more negative 
than -2.5 V. and can not be measured. The NH2 group is electron donating and thus it 
is extremely difficult to add an extra electron to this system. 
O2N- N 
 C\/ 
Figure 6.2 Structure for (4-NO2-py)-N-oxide 
(4-NO2-pv)-N-oxide (Figure 6.2) showed a reversible reduction at -0.66 V in its cyclic 
voltammogram which means it is easier to reduce than 4-NO2-py. As there is now an 
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extra electronegative oxygen on the aromatic nitrogen, even more stabilization of the 
compound when in its reduced form is possible. 
6.2.1.1. 	The Hammett Parameter 
The Hammett constant a indicates how electron-donating or electron-withdrawing a 
substituent is relative to hydrogen. They are defined from the ratio of log K of the 
substituted compound with benzoic acid as shown in Equation 6.115  where Kr,  is the 
ionization constant for benzoic acid in water at 25 °C and K is the corresponding 
constant for the substituted benzoic acid. 
o-x = log K— log K 
	
Equation 6.1 
If a is negative, the substituent is electron-donating and if a is positive it is electron-
withdrawing. The value of a is also dependant on whether this substituent is located 
on the meta or para position of the ring, therefore, 0m  and a are used for the meta and 
para positions respectively. 
Table 6.3 Hammett parameters, u p for various 4-X-py compounds. 15 
X NH2 Ph CHO CO2CH3 CO2H CN NO2 
a 1, -0.66 -0.01 0.42 0.45 0.45 0.66 0.78 
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0-I • E 1 ,2 Value 
• Reduction Potential 
N0 
• COH 	U 
I 	 CHO 
S 
I I 	CN 
W 	I 	 CO2CH, 
Ph 
NH 
-0,6 	-04 	-0.2 	00 	0.2 	0.4 	0.6 	0.8 
Hammett Parameter 
Figure 6.3 Plot of E 112  potential and reduction peak positions of various substituted pyridines versus 
their Harmnett parameter, a 2 . 15 For R = NH,, potential is predicted, not observed. 
Figure 6.3 shows a plot of E 112 and reduction potentials of some substituted pyridines 
against the para position Hammett Parameter, u p, of that substituent. There is a general 
trend that as c, increases, so does the E112 and reduction potentials; i.e. the compounds 
become easier to reduce. As an increase in o, indicates a move towards more electron-
withdrawing substituents this trend is as expected. With the substituent group 
attracting more electrons, it becomes easier to add a reduction electron onto the 
compound. The electrochemical reduction of 4-NH 2-py does not occur within the 
solvent window, as mentioned above, and therefore occurs at a more negative 
potential than -2.5 V. It is possible to use Figure 6.3 to predict a E112 value for 4-NH2-
py of< -3.0 V. 
6.2.2. 	Effect of Substitution Position 
The effect of the position of the substituent group on the pyridine ring on E112 
potential was also investigated. The E 1 .2 values for n-NO2-py, n-0O2H-py, n-CN-py, 
n-CO2CH3-py, n-Ph-py, n-CHO-py and n-CHC(CN)2-py where n = 2, 3 and 4, are 
shown in Table 6.4. 
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Table 6.4 E12  Potential and Reduction peak position (in brackets) for n-X-py compounds where n =2, 
3 and 4 at 295K, Scan rate = 0.1 Vs'. 
X NO2 CO2H CN CO2CH3 Ph CHO 
2 -0.93 V -0.87 V -1.87 V -1.88 V -2.25 V -1.53 V 
(-1.10 V) (-1.96 V)  (-1.64 V) 
3 -0.88 V -0.76 V -2.15 V -2.33 V 
(-0.92 V) (-2.05 V)  (-1.69 V) 
4 -0.73 V -0.71 V -1.68 V -1.69 V -2.09 V 
(-0.86V) (-1.76V)  (-1.45V) 
The substitution site n = 4 gives the most positive potential and was therefore the 
easiest compound to reduce. The electronegative pyridine N atom will activate the n 
2 and 4 positions for stabilisation of the reduction electron through resonance. 
However, stenc and electronic repulsion considerations of the n = 2 position, due to 
the close proximity of the substituent group with the ring nitrogen mean that the 4 
position has a greater stabilization effect on the reduced compound. It is therefore 
possible to rationalize the observed ordering of the ease of reduction of substituted 
pyridine molecules, 4-X-py> 2-X-py> 3-X-py for X = CN, CO2CH3, Ph and CHO. 
However, this pattern does not replicate when we consider the NO 2-py, and CO2H-py 
compounds. Although the n = 4 position is still the easiest to reduce, this time the n = 
3 compound has a more positive E12 potential than the n = 2 compound. The 
reduction electron is likely to be positioned onto the substituent group, logical when it 
is such a strongly electron-withdrawing group, so that ring resonance effects are much 
less important than steric considerations. This results in the observed trend 4-X-py> 
3-X-py > 2-X-py for X = NO 2 and CO2H. 
6.2.3. 	Effect of Complexation 
When 2 molar equivalents of a substituted pyridine compound are reacted with 
K2PtCI4 or K2PdCI4, dichloride complexes with the generic formula [PtC1 2(4-X-py] 
and [PdCl2(4-X-py)2] respectively, are made. The addition of these mono-
coordinating ligands can result in cis or trans geometry within the complex. Crystal- 
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structures of [PtC1 2(4-CO2CH3-py)2] and [PdC1 2(4-CO2CH3-py)2] are shown in Figure 
6.4 and were solved by Dr. Simon Parsons. The crystals were obtained from slow 
evaporation of a DCM / Heptane solution. Method, crystal data collection and 
refinement parameters are summarised in Appendix 1. 
'I 
Figure 6.4 Crystal structures of [PtC1 2(4-CO2CH3-py)2] (left) and [PdCl 2(4-CO2CH3-py)2] (right). 
Both the platinum and palladium centres show flat square planar geometries and the 
Pt-N and Pd-N bonds are identical lengths at 2.018(2) A and 2.017(3) A respectively. 
The platinum dichloride complex shows the expected cis geometry and has been 
discussed in more detail in Chapter 3. The palladium analogue shows trans geometry 
and the pyridine rings almost lie in the same plane with only a small angle of 2.050 
with respect to each other. This geometry is not expected but could perhaps be a 
thermodynamic product due to steric hindrance when the pyridyl ligands are cis. 
6.2.3.1. 	Platinum complexes 
The platinum dichloride complexes with formula [PtC1 2(4-X-py)2] where X = NO2, 
CO2H, CO2CH3 and CO2CH2CH3 were synthesized and characterized using cyclic 
voltammetiy. The results are shown in Table 6.5. 
Table 6.5 E 112 Potentials for substituted pyridine platinum dichloride complexes at 295 K, scan rate = 
0.1 Vs* 
E 	potential [PtCl2(4-NOz-py)21 (PICI2(4-CO2H-py)2) IPtCl2(4-0O2CJ43-py)2j [PtCl2(4-CO2C}12C113-py)21 
(Free ligand) -0.73 V -0.71 V -1.69 V -1.72 V 
I" Reduction -0.44 V -0.77 V -1.15 V -1.14 V 
2 ad
Reduction 
-0.48 V - -1.32 V -1.32 V 
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Complexation to the platinum (II) metal centre, results in the reduction of the ligands 
at a much more positive potential. This is because the positive charge of the metal ion 
stabilises addition of extra electrons. As there are two substituted pyridine ligands on 
each complex, two reversible reductions in the cyclic voltammetry are expected. This 
is because reduction of one of the ligands reduces the influence of the positive charge 
of the metal centre so that the second ligand is slightly harder to reduce. Therefore, 
the two reductions do not occur at the same potential. In the two ester substituted 
pyridine compounds, the difference of potential of these two peaks is almost 0.2 V 
and is therefore obvious in the cyclic voltammogram (Figure 3.13, Chapter 3). 
However, it is not until the more sensitive technique of differential pulse is used that 
this difference in potential for the nitro groups (Figure 4.6, Chapter 4) may be 
observed as the difference is now only 0.04 V. Here the addition of one electron does 
not hamper the addition of a second one to the same degree. This supports the 
hypothesis discussed earlier that the reduction electron is substantially positioned on 
the NO2 group. If the reduction electron is being held at a greater distance from the 
metal centre, the positive charge of the platinum ion will not be reduced by so much 
and the second reduction will be easier to perform. In addition, the difference in E 1 12 
values for the free and co-ordinated ligand is similar. 
6.2.3.2. 	 Palladium Complexes 
The palladium dichloride complexes with formula [PdC1 2(4-X-py)21 where X = NO 2 
and CO2CH3 were also synthesized and characterized using cyclic voltammetry. With 
these complexes, however, a different effect was seen. The energy of the empty Pd-
based d-orbital level is much lower than the analogous Pt-based orbital and so the 
palladium centre is reduced to palladium metal before the ligands are reduced. 
Reduction to Pd(0) results in decomposition of the complex and subsequently the free 
ligand peak at -1.69 V can be seen in the cyclic voltammogram (Figure 6.5). The 
broad irreversible reduction occurring around -0.75 V is assigned to the Pd(II) centre 
reduced to Pd(0) metal. This effect is seen for both [PdC1 2(4-NO2-py)21 and [PdC1 2(4-





-2.25 	-1.75 	-1.25 	-0.75 	-0.25 
E/V 
Figure 65 Cyclic Voltammogram of [PdC1 2(4-CO2CH3-py)2] at 213 K, Scan rate 0.1 V s. 
6.2.4. 	DFT Calculations 
DFT calculations were carried out on all the substituted pyridines studied to allow 
comparison of the electronic nature of the LUMOs. The method is more fully 
described in Section 2.3. The following figures show the molecular orbital isosurface 
of the L1.JMO for each compound and the corresponding table gives the energy of the 
HOMO and the LUMO along with the percentage occupancy of the electron density 
on the pyridine ring and the substitutent group X. These percentage values were 




HOMO -7.7785 eV 
LUMO -2.9910 eV 
%onX 61.93 




Figure 6.6 LI.Th40 map and HOMO and LUMO energies of 4 -NO2-py 
4-CO2H-py 
HOMO -7.5333 eV 
LUMO -2.1382 eV 
%onX 26.63 
%onnng 73.37 
Figure 67 LUMO map and HOMO and LUMO energies of 4-0O2H-py 
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Figure 6.8 LUMO map and HOMO and LUMO energies of 4-CHO-py 
4-CHO-py 
HOMO -7.3088 eV 
LUMO -2.3875 eV 
%onX 43.62 
%on ring 56.38 
4-CO2CH3-py 
HOMO -7.1883 eV 
LUMO -1.8389 eV 
%onX 31.09 
%onring 68.91 
Figure 6.9 LUMO map and HOMO and LUMO energies of 4 -CN-py 
50 
4-CO2CH2CH3-py 
HOMO -7.1597 eV 





HOMO -6.7118 eV 






HOMO -6.1893 eV 
LUMO -0.0626 eV 
%onX 1.76 




HOMO -7.6711 eV 
LUMO -2.1728 eV 
%onX 18.59 
%onring 81.41 
Figure 6.10 LUMO map and HOMO and LUMO energies of 4-CO2CH3-py 
Figure 6.11 LUMO map and HOMO and LUMO energies of 4-CO 2CH2CH3-py 
Figure 6.12 LUMO map and HOMO and LUMO energies of 4-Ph..py 
Figure 6.13 LUMO map and HOMO and LUMO energies of 4-NH 2-py 
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Table 6.6 Reduction peaks, energy values for the HOMO and LUMO and the percentage of electron 
density on the substitutent group X of various substituted pyridines from DFT Calculations and 
electrochemical experiments. 
Compound 	Redo Peak 
iv 
HOMO I eV LUMO I eV Energy 
Difference 
% on X 
4-NO2-py 	-0.77 -7.7785 -2.9910 4.7875 eV 611.93 
4-CO2H-py -0.86 -7.5333 -2.1382 5.3951 eV 26.63 
4-CHO-py -1.45 -7.3088 -2.3875 4.9213 eV 43.62 
4-CO2CH3-py -1.74 -7.1883 -1.8389 5.3494 eV 31.09 
4-CN-py -1.76 -7.6731 -2.1728 5.5003 eV 18.59 
4-CO2CH2CH3-py -1.76 -7.1597 -1.7956 5.3641 eV 30.89 
4-Ph-py -2.13 -6.7118 -1.2699 5.4419 eV 41.99 
4-NH2-py n/a -6.1893 -0.0626 6.1267 eV 1.76 
Table 6.6 shows the HOMO and LUMO energies (and energy difference), the 
Reduction Potentials and the LUMO % on the substituent group X for the various 
pyridine compounds studied. The energies of the HOMO for all these substituted 
pyridine compounds are very similar. This is reasonable as the HOMO is based on the 
pyridine ring atoms in each case and does not extend significantly onto the substituent 
group. The LUMO energies differ because the substituent group, which is different in 
every case, contributes in differing degrees. The percentage of the LUMO actually 
based on the substituent group depends on the nature of the group. 61.93 % of the 
LIJMO of 4-NO2-py is based on the NO2 group which is very electron-withdrawing 
but only 1.76 % of the LUMO of 4-NH 2-py is based on the NH 2 group which is far 
more electron-donating. The 4-NO2-py LUMO is also more strongly based on the 
substituent group than in the ester groups. 
The 4-NO2-py was the easiest to electrochemically reduce and 4-N1-12-py the hardest, 
suggesting that the more the LUMO is based on X, the easier it will be to reduce. 
However, there is no direct correlation between the reduction peak positions and the 
% LUMO on X for the other compounds. There is a correlation, though, between the 
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reduction peak positions and energy difference between the HOMO and LUMO. The 
larger this energy difference, the more negative the reduction potential and the harder 
it is to reduce the substituted pyridine. This is expected as the LUMO will be more 
affected than the HOMO by the substitutent group and thus the gap widens or narrows 
accordingly. Yet again, 4-CO2H-py seems to be anomalous as the HOMO-LUMO 
energy difference is much larger than the reduction potential would suggest. This 
supports the idea that something unusual is happening in the electrochemistry of 4-
CO2H-py and it needs to be treated differently. 
Table 6.7 The HOMO and LUMO energy values calculated using DET for n-NO 2-py and n-CO2CH3-
pv, where n = 2,3 and 4, and their reduction potentials. 
n Parameter n-NO 2-py n-0O2CH3-py 
2 HOMO/eV -7.7978 -7.1752 
LUMO / eV -2.6011 - 58.08% on X -1.5733 —27.90% on X 
Energy difference 5.1967 eV 5.6019 eV 
Redo Peak pfl -0.93 V -1.88 V 
3 HOMO/eV -7.7314 -7.1276 
LIJMO / eV -2.8147 - 62.78% on X -1.6212 —29.90% on X 
Energy difference 4.9167 eV 5.5064 eV 
Redo Peak Pos h -0.88 V -2.15 V 
4 HOMO/eV -7.7785 -7.1883 
LUMO / eV -2.9910-61.93% on X -1.8389-31.09% on X 
Energy difference 4.7875 eV 5.3494 eV 
Redo Peak Posh -0.73 V -1.69 V 
Table 6.7 shows the HOMO and LUMO energies and the % LUMO on X for n-NOz-
py and n-0O2CH3-py, where n = 2, 3 and 4. In both cases, the 4-X-py is the easiest to 
reduce and has the smallest energy difference between the HOMO and LUMO. 3-
NO2-py, which is easier to reduce than the 2-NO2-py, has a smaller energy difference 
between the HOMO and LUMO too. However, 3-CO2CH3-py has a smaller energy 
difference than 2-CO2CH3-py but is harder to reduce so this may not be the only 
influence on the reduction potential. Again, the % LUMO on X does not seem to have 
a direct effect on the reduction peak position as the compounds with the greatest % 
LUMO are not always the easiest to reduce. 3-NO2-py and 4-NO2-py have similar % 
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Figure 6.14 Plot of E 1 ,2  potential and reduction peak position against energy of LIJMO 
Figure 6.14 shows a plot of the energy of the LUMO against the E 1 2 Potential and 
reduction peak positions for the compounds studied. There is a general trend that as 
the energy of the LUMO becomes more negative, the potential becomes more 











Figure 6.15 Plot of energy of LIJMO against Hammett parameter, a.,,, of X in 4-X-py. For CO 2R, R = 
H, CH3 and CH2CH3 as they all have identical a.,, values. 
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Figure 6.15 shows a plot of the energy of the LUMO against the Hammett Parameter, 
ap  for the substituent group on the pyridine compound. The general trend is that as the 
Hammett Parameter increases, so the energy of the LUMO becomes more negative. 
6.3. 	Solvent Effect on E 112 Potentials 
A study of the effect of solvent on the E1 values of the reversible reduction of a 
range of substituted pyridines  was carried out. The solvent systems used were 0.3 M 
TBABF4 / THF, 0.1 M TBABF4 / MeCN, 0.1 M TBABF 4 / DMF, 0.3 M TBABF 4 I 
DCM, 0.1 M TBABF4 / Acetone, 0.1 M TBABF4 / DMSO. The TBABF4 
concentrations are based on the dielectric constants for the solvents with 0.3 M 
concentrations being used for solvents with low dielectric constants (<I0).16  This 
clearly raises the possibility of TBABF4 affecting the polarity and electron-accepting 
ability of the solvents it is added to. This makes correlation of E112 Potential with 
solvent properties obtained from literature unreliable. To investigate this, we 
determined the Acceptor Number for various solvents with different concentrations of 
TBABF4. It was found that the addition of TBABF 4 did not affect the Acceptor 
Number value for the solvents. See Section 6.4.5 for more information. 
The compounds tested were n-NO2-py and n-0O2CH3-py, (where n = 2, 3 and 4), 4-
CO2CH2CH3-py, 4-CO2H-py and the platinum dichloride complex [PICI 2L2] where L 
= 4-CO2Me-py. For E 1 12 potentials used in previous chapters and so far in this 
chapter, the Ferrocene reference peak has been taken as +0.55 V in order allow 
comparison with previous work. However, the exact position of this reference peak 
depends on the solvent and so in order to properly study a solvent effect, the E1,2 
values are referenced to the Ferrocene peak position for that solvent. 23 An indication 
of the effect of the solvent on the reduction potential is seen in Figure 6.16 showing 
the ligand reduction of 2-NO2-py (peak 1) and the ferrocene (peak 2). The reduction 
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Figure 6.16 Electrochemistry of 2-NO 2 -py referenced to Ferrocene in THE, DMF and DMSO, Scan 
rate 0.1 Vs. 
The E1,'2 values are shown on Table 6.8 as a function of solvent system. 
Table 6.8 E 112 Potentials of 2-NO2 -py in a Variety of Solvents. 
TBABF4 0.IM 0.3M 0.1M 0.1M 0.1M 0.3M 
con& and DM50 DCM MeCN DMF Acetone TIfF 
Solvent 
E 112 /V -0.94 -0.97 -1.04 -1.03 -1.06 -0.98 
6.3.1. 	Effect of Water 
A study was also carried out on the effect of water present in the electrolyte on the 
E112 potential. 100 iJ aliquots of distilled water were added systematically to 8 ml of a 
0.1 M TBABF4 / MeCN solution and the E112 potential of the 2-NO2-py reduction was 




Table 6.9 E112 Potentials obtained after addition of water for 2-NO 2-py in 0.1 M TBABF4 / MeCN. 
Water added /10/ 0 100 200 300 400 500 







Water added to 01M TBABF 4  MeCN /10-61 
Figure 6.17 The change of E1,2 potential with additions of water. 
Thus addition of water results in a reduction of the half-wave potential for 2-NO 2-py. 
Due to this effect, it was ensured in all future studies that the solvent systems used 
were as free from water as possible. 
6.3.2. 	 Effect of Solvent on Ev2 Values for Substituted Pyridines 
The redox behaviour of other substituted pyridines was also investigated in different 

















2-NO2 -py -0.94 -0.98 -1.04 -1.03 -1.06 -0.98 
3-NO2 -py -0.95 -0.93 -0.99 -0.98 -1.01 -0.96 












2-CO2CH3-py -1,91 -1.94 -2.07 -1.98 -1.95 -2.00 
3-CO2CH3-py (-2.01) (-2.24) (-2.13) (-2.25) (-2.19) (-2.17) 













4-CO2CH2CH3-py -1.74 -1.83 -1.88 -1.82 -1.74 -1.81 
-1.16 
-1.31 


















6.4. 	Discussion of Results 
There is evidence that the solvent affects the position of the reduction peak but is 
there any one inherent property of the solvent itself that causes this discrepancy in the 
value? Solvent properties such as the dielectric constant, the Z value, the dipole 
moment and the acceptor number of the solvent were interrogated to discover whether 
there is a correlation with the E 1 12 potentials. All but the acceptor number are 
different ways of measuring the polarity of the solvent. 
6.4.1. 	Dielectric Constant (D.C.) 
The dielectric constant, or relative permittivity, is a measure of how much energy is 
required to bring a charge q from infinity to a distance r from a charge q' 
17  This 
value is large when molecules are polar or highly polarizable. The dielectric constants 
for the solvents used in this study are shown in Table 6.11. 
Table 6.11 Dielectric Constants (D.C.) for Solvents Used. 
Solvent TI-IF DCM Acetone DMF MeCN DMSO 
D. C. 7.6 9.1 20.7 36.7 38.0 48.9 
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Figure 6.18 4-NO2-py E 1 Potentials vs D.C. of various solvents. Ace = Acetone. 
Figure 6.18 shows that there is no particular correlation between the E 112 potential and 
dielectric constant. However, if DMSO is not considered, there is a trend that as the 
dielectric constant increases, the E 112 potential decreases. 
6.4.2. 	Z Values 
Kosower's Z-values ' 8 have been proposed as another way to measure solvent polarity. 
These have been experimentally determined using the solvatochromatic transition 
energy for the 1-ethyl-i -carbomethoxypyridinium iodide complex. The larger this 
value, the more polar the solvent. The Z-values used are shown in Table 6.12. 19 
160 
Chapter 6 
Table 6.12 Z values for various solvents 
Solvent 	THF DCM Acetone DMF DMSO MeCN 




Z value I kcal/mote 
Figure 6.19 4-NO2-py E 112 Potential against Z values for various solvents. Ace = Acetone, Py = 
Pyridine. 
Again, if DMSO is not considered, there is a general trend between E 112 potential and 
Z value as shown in Figure 6.19 with 4-NO2-py becoming harder to reduce as the Z 
value (or polarity) increases. 
6.4.3. 	Dipole Moment 
The dipole moment, 1.4  is a measure of the separation of two charges q and —q 
separated by a distance r within a molecule. A polar molecule will have a permanent 
electric dipole moment. The greater the value of 1 4 the more polar the molecule is. 
The dipole moment for each solvent is given in Table 6.13. 
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Table 6.13 Dipole Moments for various solvents 
Solvent DCM THF Acetone MeCN DMF DMSO 




Dipole Moment, p I Debye 
Figure 6.20 4-NO2-py against dipole moment of various solvents. Ace = Acetone, Py = Pyridine. 
No obvious correlation can be seen in Figure 6.20 between the E,,2 potential and 
dipole moment. 
6.4.4. 	Acceptor Numbers 
Acceptor numbers (A.N.$) are an empirical solvent property and are effectively a 
measure of how well the solvent can accept lone pairs of electrons. 16  The higher the 
acceptor number, the better its ability to do so. This is examined rather than the Donor 
Number (a solvent's ability to donate electron pairs) because a reduced species, with 
its extra electron, is more likely to be affected by the ability of a solvent to accept 
extra electrons. Acceptor Numbers for the solvents used in this study are shown in 
Table 6.14. 
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Table 6.14 Acceptor Number values for various solvents 
Solvent THF EA Acetone Pyridine DMF 	MeCN DMSO DCM 
A.N. 8.0 9.3 12.5 14.2 16.0 18.9 19.3 20.4 






Figure 6.21 4-NO2-py E 112 Potentials vs A.N. 
Figure 6.21 shows the E 112 Potentials plotted against the Acceptor Number of the 
solvent. No obvious trend can be seen. 
6.4.4.2. 	Substitution Position 
The E1 Potentials of n-NO2-py, where n = 2, 3 and 4, were plotted against Acceptor 
Number (solvents can be rationalised from Figure 6.21 or Table 6.14) and are shown 
in Figure 6.22. This allows an investigation into how the solvent affects the reduction 




• 2-NO 2-py 
3-NO 2-py 
* 4-NO 2-py 
Acceptor Number 
Figure 6.22 n-NO 2-py (n = 2, 3 and 4) E 112 values vs A.N. 
The solvent does not affect the order of reducibility of the three nitro-substituted 
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Figure 6.23 Cyclic Voltammetry of 3-0O 2CH3-py in 0.1 M TBABF 4 I DMSO at 298 K, Scan rate = 
1.0 Vs'. 
Cyclic voltammetry of the 3-CO2CH3-py compound (Figure 6.23) showed only a 
reduction peak and no return oxidation peak for all solvents. Therefore, in order to 
compare the three methyl ester compounds the reduction peaks rather than the E 112 
potentials need to be examined in order to consider the solvent effect. These are 










• 2-0O 2CH 3 -py 
• 3-0O 2 CH 3 -py 
* 4-0O2CH3-py 
Acceptor Number 
Figure 6.24 Reduction Peaks of n-CO2CH3-py (where n = 2, 3 and 4) vs. AN. 
In all solvents except MeCN, the 4-CO2CH3-py is the easiest to reduce and the 3-
CO2CH3-py is the hardest to reduce, as explained earlier. It is unknown why a 








• PtCl 2(4-NO 2-py) 2 
Acceptor Number 
Figure 6.25 4-NO2-py and [PtCl2(4-NO2-py)2] E 112 Potentials vs A.N. 
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Complexation of 4-NO2-py (Figure 6.25) and 4-CO2CH3-py (Figure 6.26) to platinum 













PtCl 2(4-0O 2CH 3-py) 2  1St reduction 
PtCl 2(4-CO 2CH 3-py) 2 2nd reduction 
Acceptor Number 
Figure 6.26 4-0O2CH3-py and [PtCl 2(4-CO2CH3-py)2] vs AN. 
Although solvent does have an effect on the position of the E 1 12 potentials for a 
substituted pyridine, it does not affect the E112 potential relative to other compounds 
when they are studied in the same solvent as each other. 
6.4.5. 	Electrolyte Consideration 
The solvent parameters used for rationalising our solvent studies were taken straight 
from the literature. However, these values were determined using pure solvents whilst 
our electrochemical experiments use an additional TBABF 4 solid electrolyte dissolved 
in the solvents to increase the conductivity of the solution. Therefore, it is necessary 
to take into account the presence of this electrolyte. 0.3 M concentrations are used for 
some solvents instead of 0.1 M because it can increase the conductivity of solvents 
with lower dielectric constants. Thus, the presence of electrolyte in these solvent 
studies may also affect the acceptor number of the solution, or any other parameters 
that may be used. The variation of Acceptor Number with electrolyte concentration 
was investigated using 31 P NMR spectroscopy. 
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The Acceptor Number values from the literature were experimentally determined 
using NMR techniques. (C2H5)3P0 was dissolved in different solvents and the 31 P 
NMR shift of this compound relative to phosphoric acid was measured. The Acceptor 
Number value was then calculated by taking the 31 P peak shift in Hexane to have a 
value of 0 and the shift in SbC15 to be 100. All other solvents were compared to this. 20 
The theory behind this measurement comes from the electron donor and acceptor 
properties of molecular interactions. When two molecules interact with each other, the 
one with a region of high electron density tends to be more electron-donating and the 
one with lower electron density tends to be more electron-accepting. This effect gives 
rise to an effective "bonding" interaction between the molecules which affects the 
bonds within each molecule. As the intermolecular bond shortens, due to stronger 
donors or acceptors, the intramolecular bonds lengthen. Putting the donor molecule 
(C2H5)3P0 into various solvents will affect the P—O bond length and therefore the 31 P 
NMR peak position depends on how well the solvent accepts electron density. 
To investigate the influence of electrolyte on Acceptor Number, 0.015 M solutions of 
(C2H5)3P0 in the specified solvents (with and without TBABF4 electrolyte) were 
analysed using NMR and referenced to a sealed capillary tube of neat phosphoric acid 
which was placed in the NMR tube. This same capillary tube was used for all the 
NMR measurements and the values quoted in Table 6.15 and Table 6.16 is the NMR 
shift difference, in Hertz, from the phosphoric acid reference peak. 
Table 6.15 31 P NM1R results for different concentrations of TBABF 4 in DMF and DCM 
Concentration of TBABF4 Shift (in Hz) in DMF Shift (in Hz) in DCM 
OM 49.63 51.18 
0.025M 49.67 51.17 
0.05 M 49.67 51.22 
0.1 M 49.65 51.20 
0.2M 49.68 51.22 
0.3 M 49.71 51.21 
0.4M 49.72 51.20 
0.5 M 49.73 51.22 
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The results in Table 6.15 from the 31P NMR study of the effect of electrolyte in the 
solvent show that the peak shift of EI3PO is not greatly affected by the presence of 
varying concentrations. of electrolyte in the DMF or DCM solvent. Thus, it can be 
concluded that the literature Acceptor Numbers are suitable to be used for the 
TBABF4 electrolyte solutions used in electrochemical experiments and corresponding 
correlation of the E112 potential with the Acceptor Numbers for DMF and DCM, a 
representative each of the 0.1 M and 0.3 M TBABF 4 systems. 
Further 31 P NMR studies on all the other solvents used in the solvent study, with and 
without their electrolyte, also confirmed that the electrolyte does not make a material 
difference to the peak shift, and therefore the literature Acceptor Numbers for these 
solvents can also be used. These results are below in Table 6.16. 
Table 6.16 31 P NMR results for various solvents 
Solvent Chemical Shift / Hz 
No electrolyte Electrolyte (TBABF 4 conch) 
MeCN 51.39 51.52 (0.1M) 
EA 47.45 48.11 (03M) 
Pvridine 49.07 49.27 (0.1M) 
Acetone 49.56 49.73 (0.1 M) 
THF 46.46 47.69 (03M) 
DMSO 51.06 51.02 (0.IM) 
DMF 49.67 1 	49.70 (0.1 M) 
DCM 51.30 1 	51.38 (03M) 
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Figure 6.27 Cyclic Voltammetry of 4-COCH 3-py in 0.3 M TBABF4 / Ethyl Acetate at Various Scan 
Rates at 298 K. 
While carrying out the solvent study, it was found that with some compound-solvent 
combinations an effect on the chemical reversibility of the compound's reduction was 
seen. An example is shown in Figure 6.27 for 4-CO2CH3-py in 0.3 M TBABF 4 / Ethyl 
Acetate. 
At a scan rate of 0.1 V/s (r. .), the electrochemical reduction of 4-CO2CH3-py in 0.1 
M TBABF4  / Ethyl Acetate is irreversible. However, as the scan rate in Figure 6.29 
increases from 0.1 V/s through to 1.0 V/s (purple), an oxidation peak starts to appear 
showing that the electrochemical reaction is changing from an irreversible reaction to 
a reversible one. 
An EC process describes the occurrence of a chemical reaction of a species straight 
after an electrochemical reaction which produced it, often causing this irreversibility. 
This is best described with the following equations. 
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A + e - -* B 	Electrochemical 	 Equation 6.2 
B k 	 Chemical 	 Equation 6.3 
The electrochemical product B chemically reacts to form C. The rate constant, k, of 
this reaction determines whether there is any of B left to re-form A if the 
electrochemical reaction is reversed. 
The scan rate obviously determines whether the chemical reaction that occurs after the 
electrochemical reduction has enough time to occur, which will therefore be 
dependant on k. The Activation Energy of this chemical reaction can be determined 
electrochemically using Double-step Chronoamperometry, used to determine the 
value of k, and varying the temperature. This is described in more detail below. 
6.5.1. 	Kinetics: Double-step Chronoamperometry 
A number of different electrochemical methods exist for determining the rate constant 
of a chemical reaction which follows the electron transfer step, also known as an EC 
process. However, previous work has shown that the Double-step 
Chronoamperometry method invokes the least error in the rate constant and can be 
used over the widest temperature range. 21 Consequently, this method has been used 
for all kinetics experiments referred to in this thesis. 
This electrochemical method involves a two-step process. Firstly, at time t, a potential 
step is made from E1 to E2 in order to instantly reduce A to B. At time 2t, this step is 
reversed so that any B still remaining converts back into A (Figure 6.28). E 1 and E2 
are chosen from a preceding cyclic voltammogram of the reaction and the potential 






Figure 6.28 Change in potential with time during double-step chronoamperometry. 
The current response to time is measured after these two potential steps and recorded 
as in Figure 6.29. Immediately after the potential is changed and the electrochemical 
reaction starts, a large change in the current is seen, due to the release or take up of 
electrons. Over time, this current levels out as the species at the electrode surface 
undergo an electron transfer. 
Figure 6.29 The current's response to time during measurement. 
The two current responses, if different, allows the rate constant to be calculated. If no 
chemical reaction occurs after reduction, no difference in the current response would 
be seen. From such a plot, the currents i1 and i0 are taken at the same time, t, after 
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the potential step at t = 0 and t = 100, according to the procedure. 2 ' This means that 
for example, I = 40 and t = 140 are equivalent times in the electron transfer process so 
i/ i4o gives the current ratio —i0 /i1 i. The ratios used in the experiments reported 
here were 1 140/140, i, 50/i50 and i16o/i6o. The following equation (Equation 6.4), where 4) 
represents a mathematical fimction comprising the terms; electrode area, Faraday's 
constant, k, T. t, bulk concentration, diffusion coefficients, and number of electrons, is 
then employed to determine  kT. 
4(kt(t-t)/rJ- 	 Equation 6.4 
'red 
To make this process easier to handle, Schwarz and Sham 22 created theoretical 
working curves for a first-order reaction to allow easy access to the value of kr 
(Figure 6.30). The curve labels correspond to the time t at which the current ratio was 
taken from i.e 1140/40 corresponds to the 0.4 curve and so ki is read off from here. As t 









Figure 6.30 Theoretical working curves devised by Schwarz and Shaiit 22 
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In order to take the kinetics a step further, the k values at a variety of different 
temperatures (1) are established. The Arrhenius equation (Equation 6.5) can then be 
utilised to calculate the activation energy (EA) of the chemical reaction. 
k = Aep(E 	 Equation 6.5 
A plot of in k versus l/T will give a slope with a gradient equal to —EA / R where R is 
the universal gas constant 8.3145 J mor 1 K. 
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Figure 6.31 A jacketed cell used for temperature controlled experiments. 
Double-step Chronoamperometry experiments were carried out using the same 
hardware and software as other electrochemistry techniques. A three-electrode system 
was also used although a platinum quasi-reference electrode was used instead of 
Ag/AgC1 as it gives more consistent results. The working electrode was polished 
before every measurement to ensure a clean surface. The temperature was controlled 
using a jacketed cell (Figure 6.31) filled with oil or methanol. The temperature was 




The Activation Energies for [4-CO 2CH3 ]-  were determined in various solvents and are 
shown in Table 6.17. 
Table 6.17 Activation Energies in Various Solvents for further reaction of [4-CO 2CH3-py]. 
Solvent Activation Energies / kJ mor' Average 
TI-IF 74.8 71.9 69.8 72.2 
EA 53.6 42.9 45.9 47.5 
Acetone Too volatile for higher temperatures - 
Pyridine 75.2 67.5 75.4 72.7 
DMF 41.2 49.5 39.6 43.4 
MeCN 55.2 37.4 - 46.3 
DMSO 67.8 56.0 64.5 62.8 
DCM 54.7 55.4 46.3 52.1 
Although X. Liu discovered that the Double-Step Chronoamperometry method of 
measuring the activation energy of a system was more reliable than others, it was very 
hard to get consistent results with 4-CO2CH3-py. Many of the results above were the 
best matching of many attempts to gain the activation energy of the solvent system. 
As there is no obvious correlation of these energies with solvent parameters, e.g. 
Acceptor Number, it is hard to conclude, one way or another, what is affecting the 
reversible and irreversible nature of the substituted pyridine compound in different 
solvents. 
6.5.3. 	Effect of Water 
An investigation into how addition of water to a solution when measuring the kinetics 
of 4-CO2CH3-py was carried out. Repeated measurements of an electrochemical 
system of 4-CO 2CH3-py in -10ml of a 0.1 M TBABF 4 / DMF solution showed 
reasonably consistent activation energies of 78, 74, 711 and 69 U moI'. To this was 
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added I i1 and 2.il of distilled water but there was no significant change of activation 
energy within the errors of the experiment (52 and 73 kJ mor' respectively). When 
increments of 10 tl were added the activation energy , fluctuated to a greater extent, 
decreasing to 50 U mot' and then increasing to 114 U mor' but with no obvious 
pattern. Addition of too much water (100 p1), however, caused too much interference 
in the scans and it was impossible to calculate the activation energy. 
Note that in Table 6.17, DMF gave activation energies of around 40 U mor 1 but 
when determining the effect of water on the measurement obtained, the same solvent 
gave consistent activation energies of 70 U mor' before any water was added. Even 
separate experiments, or perhaps different samples of the same solvent could have 
variations in its content making repeatability of this method difficult. 
As there is no pronounced effect due to water within the electrochemical system it 
could be concluded that the inconsistency seen in the activation energies for 4-
CO2CH3-py in different solvents is not purely down to water present in the system. It 
could be that the Double-Step Chronoamperometry method is not suitable for this 
type of compound as the original comparison between methods was carried out on 
large metal complexes and future work could be directed towards the other methods 
to see if these can determine what is affecting the electrochemical reversibility when 
changing solvents. 
6.6. 	Conclusions and Future Work 
Substituted pyridines of the generic form n-X-py can change in character depending 
on what the substituent group X is and where it is positioned on the ring (n). The 
compound's ability to reduce and the ease in which it does so is affected by both 
parameters. The more electron-withdrawing X is, the easier it is to reduce as it is 
easier to stabilise the reduced species. Compounds substituted in the n = 4 position are 
easier to reduce than the n = 3 and n = 2 positions but the order of the latter two 
depends on the nature of X. It could be that for the more electro-withdrawing groups, 
the positioning of the group on the ring is less important because the reduction 
electron is based further onto the substituent group. However, comparison with DFT 
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calculations does not show a direct correlation between the location of the LUMO and 
what percentage is based on X with the reduction peak position of the compound. If 
the pyridine compound is complexed to a metal ion, this also has an effect as the 
positively charged centre makes it much easier for the pyridine ligand to accept 
another electron. 
The type of solvent used when determining the electrochemical character of these 
substituted pyridine compounds also has an affect. E112 potential values can differ by 
as much as 0.15 V for some compounds just by changing the solvent. Water in the 
system also affects the E112 potential. Various solvent parameters were investigated to 
see if the effect of solvent could be explained, including dielectric constants, Acceptor 
Numbers, Z values and dipole moments. No particular correlation between these 
solvent parameters and E1,2 potentials was seen. 
Investigating solvent effects is a long process as there are so many factors to consider 
and routes to go down. Many more experiments could be carried out just to follow the 
work reported here. An interesting exploratory area is the substitution position of X 
and the effect it has on the E 112 potential. Synthesis of n-CHC(CN)2-py (Figure 6.32), 
where n = 2,3 and 4, would be interesting as this group has a Hammett Parameter, a, 
of 0.84 which is more positive than NO2. The DFT calculations for this compound 
suggest that it would be easier to reduce than 4-NO2-py as there is a HOMO-LUMO 
energy difference of 4.2547 eV and because the % LUMO on X is similar to the intro 
compound at 67.14 %, a similar trend between the 2, 3 and 4 positions may be seen. 
4-CHC(CN)2-py 
HOMO -7.7488 eV 
LUMO -3.4941 eV 
%onX 67.14 
- 	 %onring 3286 
Figure 6.32 LIJMO map and I I( )'.I( ) and I.E MU ci1erp1e 	I 4- I IC((- N) , - p\ 
The solvent effect on the electrochemical properties of these substituted pyridines 
could also be taken further into spectroelectrochemical methods such as UV-Vis and 
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EPR. The former is particularly important if these compounds are ever considered for 
components of sensitisers in dye-sensisited solar cells as absorption of the visible 
region is an important function of the dyes and the HOMO - LUMO energy gap must 
be tuned accordingly. As the LUMO would be based on the substituted pyridines, the 
effect of solvent on the energy of this orbital would be useful to know. The effect of 
solvent on T102-bound species would also be interesting to study. 
6.7. 	Experimental 
6.7.1. 	Synthesis of fPtCl2(4-CO2CH2CH3-PY)2J 
K2[PtCl4] (142 mg, 0.342 mmol) and 4-CO 2CH2CH3-py (I 10 mg, 0.728 mmol) were 
refluxed in deionised water (50 mL) for an hour. The yellow precipitate was filtered 
off, washed with diethyl ether and dried in a vacuum. Yield: 63 % (122 mg, 0.215 
mrnol); MS (FABMS), m': 568 {M} also 533 {M-Cl}, 496 {M-2Cl} Anal. Calcd 
for PtC12N2C,604H,8: C, 33.80; H, 3.17; N, 4.93. Found C, 33.87; H, 2.95; N, 4.76; 
'H NMR (250MHz, CDCI3): 5 1.3 (6H, t), 5 4.4 (41-1, q), 5 7.8 (41-1, dd), 59.0 (411, 
dd). 
6.7.2. 	Synthesis of(PdCl2(4-CO2CH3-py)2J 
K2[PdCI4] (64 mg. 0.20 mmol) and 4-CO2CH3-py (53.5 mg, 0.39 mmol) was refluxed 
in deionised water (50 mL) for an hour. The yellow precipitate was filtered and 
washed with diethyl ether and then dried in a vacuum. Yield: 93 % (84 mg, 0.186 
mmol): MS (FABMS), m/z: 452{M} also peaks at 415 {M-Cl}, 380 M-2Cl); 
Anal. Calcd for PdCl 2N204C,4H,4 + 2H20: C, 34.47; H, 3.69; N, 5.74. Found: C, 
34.25 H, 3.19; N, 5.94. 'H NMR (250MHz, CDCI3): 5 3.9 (6H, s), 5 7.8 (411, dd), S 
8.9 (4H, dd). 
6.7.3. 	Synthesis of[PdCl2(4-NOr.py) 
K2[PdC14] (60 mg, 0.145 mmol ) and 4-NO2-py (45 mg, 0.363 mmol) were refluxed in 
delonised water (50 mL) for an hour. The yellow precipitate was filtered and washed 
with diethvl ether and then dried in a vacuum. Yield: 86% (52.6 mg, 0.124 mmol): 
MS (FABMS) m/z: 424 {M) also peaks at {M-Cl, {M-2Cl}, 'H NMR (250 MI-li, 
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Chapter 7 Conclusion 
The first aim of this thesis was to investigate the effect of replacing the 4,4'-(CO2H)-
2,2'-bipyridine ligand in previously tested platinum and ruthenium solar cell dyes with 
two 4-CO2H-py substituted pyridine ligands. Ester analogues of these dyes were also 
used to electrochemically and spectroelectrochemically characterise these compounds. 
Substituted pyridine complexes are electronically different from bipyridine 
complexes. The pyridine ligands are much harder to electrochemically reduce than a 
bipyridine ligand because the two aromatic rings are no longer connected. This causes 
a decrease in delocalisation which makes it more difficult to add an electron into the 
system. Therefore, by replacing the 4,4'-(CO 2R)-2,2'-bipyridine ligand in [Pt{4.4'-
(CO2R)-2,2'-bipyridine}(mnt)] with two 4-CO2R-py ligands the LUMO of the 
complex was raised to higher energy. This keeps the excited state of the dye to a level 
above the conduction band of the titania in a dye-sensitised solar cell so that electron 
injection will readily occur. The LUMO energy of the bipryidine compound was 
found to be lower than ideal for a DSSC, so this raise could improve electron 
injection. However, the absorption wavelength is shifted to shorter wavelengths as the 
HOMO-LUMO gap is now greater (the LLCT band shifts from 18,900 cm'' to 
25700cm) not ideal for an optimised cell performance. 
The change in electronic character associated with the lack of connection between the 
two aromatic rings in the substitute pyridine complex is made obvious through in situ 
spectroelectrochemical experiments. With the bipyridine complex, the first reduction 
electron is delocalised over the two rings and the second reduction electron enters the 
same orbital, giving a diamagnetic compound and removing the LLCT band that was 
previously seen. However, with the pyridine complex, the two reduction electrons 
enter different (but identical) orbitals, one on each of the pyridine ligands. The 
electrons are no longer able to pair up and so the dianionic complex can remain 
paramagnetic and the LLCT band is still observed. Also, the LUMO on the pyridine-
substituted complex does not have as great a platinum character as the LUMO on the 
analogous complex with bipyridyl. 
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The performance in a solar cell of [Pt(4-CO2H-py)2(mnt)] compared to [Pt {4,4'-
(CO2H)-2,2'-bipy}(mnt)] is not as good with a much lower overall efficiency and 
IPCE of 0.5 % at 450 nm compared to 3.75 % (460 nm). However, this could partially 
be an effect of a lower loading of the dye in the titania film. The pyridine analogue is 
still interesting to study however, as the charge recombination kinetics for this 
complex matches the good performance from [Pt{3,3'-(CO 2H)-2,2'-bipy}(mnt)] seen 
in previous work' With recombination lifetimes in the same order of magnitude, the 
use of pyridine ligands rather than bipyridine ligands retains the advantage of the 
decreased charge recombination loss mechanism but may add other tuning options 
into the mix, as discussed later. 
Platinum diimine dithiolate complexes have been investigated as solar cell dyes 
because they have high tunability. As the HOMO-LUMO transition involves a ligand-
to-ligand charge transfer from the ditholate ligand to the diimine ligand, it is possible 
to tune the wavelength by easily changing one or other of the ligands. Replacing the 
bipryidine ligand in [Pt(4,4'-(CO2H)-2,2'-bipy)(mnt)] with two pyridines, as 
discussed above, raises the LUMO and thus shortens the absorption wavelength 
beyond optimum for a solar cell. Therefore, to counter-act this shift but keep the 
pyridine ligands, the mnt ligand can be replaced with a dmit ligand which raises the 
HOMO. Now the absorption wavelength is lengthened again as the HOMO-LUMO 
gap has been decreased. The complex [Pt(4-CO 2R-py)2(dmit)J shows similar 
electronic properties to [Pt(4-CO2R-py)2(mnt)] but the LLCT band in the absorption 
spectrum occurs at a longer wavelength, 20600 cm -1 . The overall efficiency, IPCE 
results and dye loadings for these dyes are also similar, with an IPCE of 0.5 % at 450 
nm for the mnt compound and 0.7 % at the same wavelength for the dmit compound. 
The dye loadings are poor, but sensitisation for these dyes was not optimised. 
Ruthenium complexes containing substituted pyridine ligands were also synthesised 
and tested. Platinum complexes can be useful for investigating differences in a dye, 
such as pyridines versus bipyridines, but their extinction coefficients are still poor 
due to poor HOMO-LUMO overlap and therefore they will never attain the good 
efficiencies of ruthenium compounds. Ruthenium-pyridyl complexes show particular 
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promise as they have been found to exhibit unexpectedly high extinction coefficients 
compared to ruthenium-bipyridyl complexes. 
The complex LRuCl 2(4-CO2R-py)411 showed an appropriate ligand-based 
electrochemical reduction for solar cell use as well as a ruthenium-based oxidation. 
Extinction coefficients in the visible region for this complex were much higher at 
25,000 M' cm' and 17,000 M 1 cm' and shifted to shorter wavelengths than the 
bipryidine analogue. These high extinction coefficients would be ideal for the thin 
films of dye required in cells incorporating solid-state electrolytes. In situ EPR results 
showed that the LUMO was ligand based and that the reduction electron only entered 
an orbital based on one pyridine ligand as it only coupled to one nitrogen atom, as 
seen with the platinum complexes. DFT calculations showed the HOMO was based 
on the ruthenium and chlorine atoms which allows good HOMO-LUMO overlap, 
causing such high extinction coefficients. In a cell, [RuC12(4-CO2H-py)4] gave an 
IPCE of 1.6 % at 420 nm, despite a very poor loading on the titania film compared to 
N3. 
Unfortunately, the chlorine atoms in [RuCl2(dcbpyEt2)2] and [RuC12(4-CO2R-py)41 
mean that the absorption wavelength of these complexes are not optimised for DSSCs 
in contrast with the best performing dyes N3 and N719. The replacement of both Cl 
atoms with NCS ligands in such bipyridyl dyes shifts the MLCT to longer 
wavelengths. Synthesis of the substituted pyridine analogue of N3 [Ru(4-CO2H-
py)4(NCS)2] and subsequent cell testing would be an interesting route for this study to 
take and could help determine if substituted pyridines could have a role in future well-
performing dyes. 
The second aim was to explore the use of NO 2 functional groups as anchoring ligands 
to the titania semiconductor within the dye-sensitised solar cells through the 
replacement of 4,4'-(CO2H)-2,2'-b1pyridine with two nitro-pyridine ligands. 
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The NO2 group has never been previously reported as an anchoring ligand to titania in 
dye-sensitised solar cells. The 4-NO2-py compound is easier to electrochemically 
reduce than the 4-CO2CH3-py compound due to the more electron-withdrawing nature 
of the substituent and its resonance ability. The LUMO of [Pt(4-NO2-py)2(mnt)1 is 
therefore lower in energy than the [Pt(4-CO2R-py)2(mnt)] complex. Using the 4-NO2-
pv as a ligand in this complex therefore counteracts the raise in energy of the LUMO 
seen when substituting the bipryidine ligand with two pyridine ligands. This keeps the 
HOMO-LUMO energy gap at a longer wavelength more suited to solar absorption 
and an LLCT band is seen at 22,000 cm'. Otherwise, the NO2 analogues behave very 
like the CO2H compounds, with reductions entering different but identical orbitals on 
each pyridine  ligand in the in situ EPR experiments and show a similar location of 
orbitals in DFT calculations, with the slight difference that the electron density is 
situated further onto the electro-withdrawing NO2 group. 
Unfortunately, the NO 2 group does not anchor well to the T10 2 surface, perhaps only 
undergoing physisorption rather than more strongly binding through chemical bonds. 
The nitropyridine dye easily desorbed from the titania surface in presence of 
electrolyte and further investigation isolated the iodide/triiodide redox couple as the 
main cause. Some dye remained attached but solar cells gave very low efficiencies 
and an IPCE of 0.6% at 450 nm. 
An advantage of using substituted pyridines to replace bipyridines in platinum and 
ruthenium dyes is their ability to increase the synthetic versatility of the dye. Along 
with reducing the charge recombination loss mechanism in the cell to the same extent 
as a 3,3'-(CO2H)2-2,2'-bipryidine ligand does, the monodentate nature of a pyridine 
ligand would leave the possibility of a space in the metal's co-ordination sphere to 
allow a auxiliary ligand to attach and increase the extinction coefficient of a dye, tune 
the absorption wavelength or perhaps alter another property to allow better interaction 
with other cell components. This is particularly interesting if only one pyridine is 
required to bind and inject into the titania as the binding ligand would take up one less 
co-ordination space on the metal than the bipryidine analogues. 
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Panchromatic dyes could perhaps be synthesised by adding on various ligands with 
slightly shifted LUMO energies to the metal centre so that several different 
wavelengths could be absorbed at same time. An example could be one 4-CO2H-py 
and one 4-NO 2-py both attached to a platinum centre, with the mnt ligand filling the 
other co-ordination spaces. This compound would then theoretically absorb at both 
22.000 cm- I  and 25,700 cm'. The dye could then be tuned and optimised for best 
performance. Figure 7.1 shows the structure of a possible "designer" pyridyl 
compound that could be synthesised and incorporated into a platinum or ruthenium 
dye. The compound has a similar structure to donor-acceptor organic dyes that have 
shown good performance in DSSCs but with the added possibility of metal co-
ordination at N. 25 
CN 
CXX"./L... 
Figure 7.1 Example of a 'designer" pyridyl compound. 
The third aim was to look at the electrochemical properties of a variety of substituted 
pyridines and their metal complexes and examine how these are affected by solvent. 
If substituted pyridine compounds are going to be further investigated as possible 
auxiliary ligands in a platinum or ruthenium solar cell dye in order to tune the 
absorption wavelength or enable optimisation of the dye properties, it is important to 
know what affects the character of a substituted pyridine and rationalise the role of the 
substituent. Several substituted pyridines were characterised using cyclic voltammetry 
and computational methods showing that the substituent group affects the energy of 
the LUMO. This would lead to a range of wavelengths being absorbed if they were 
incorporated on to a ruthenium or a plat] num-dithiolate complex. The opportunity for 




As seen with the [Pt(4-NO2-py)2(mnt)1 dye reported in this thesis in Chapter 4, the 
electrolyte components can have a large impact on the sensitisation, suitability and 
performance of a dye in a cell. Therefore, understanding the effect of solvent on the 
character and properties of a compound is vital. The solvent shifts the E 112 potential of 
various substituted pyridine compounds (and previously published work on bipryidine 
compounds6) and as this is closely related to the energy of the LUMO that this 
reduction electron enters, the solvent, and therefore the electrolyte in a dve-sensitised 
solar cell, could greatly affect the LUMO energy of the dye and thus the absorption 
wavelength, electron injection and cell performance of this sensitiser. 
Water in the cell is also an important factor to consider. Making cells using only ultra 
dry solvents and electrolytes is expensive and not viable in large-scale manufacture. 
The presence of water in the solvent studies reported in Chapter 6 show that it does 
affect the E 1  potential of a compound, and thus the finely tuned properties of a dye 
would change. 
As seen, even changing only one thing in a DSSC, i.e. the solvent, could drastically 
change the properties of a dye. However, with multi-component electrolytes; solid 
state electrolytes; possible presence of water and various other component variations, 
there are many things to consider in a cell with each one affecting the way a dye 
might perform. Solvent effects are little understood and with so many factors involved 
it is very hard to predict how small things might effect the performance of the cell 
while both designing the cell and maintaining it once it is manufactured. 
Substituted pyridine ligands do show promise as components of dyes for dye-
sensitised solar cells due to positive improvements in charge recombination kinetics 
and advantageous synthetic flexibility compared to more commonly used bipyridyl 
ligands. However, more work needs to be done to tune their properties to optimum 
dye characteristics and establish the effects of solvent, substituent groups, different 
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Appendices 
Appendix I 
Single crystal X-ray structure determination was carried out using a Smart APEX 
CCD diffractometer equipped with an Oxford Ciyosystems low-temperature device 
with Mo-Ka radiation for data collection. An absorption correction was applied using 
the multi-scan procedure SADABS. The structure was solved by direct methods and 
refined by full-matrix least squares against IF1 using data (I> 2a(1)). Hydrogen atoms 
were placed in calculated positions. The platinum metal centre was refined with 
anisotropic displacement parameters (adps). Other light atoms (C, N, 0) were refined 
isotropically: adps for these atoms were rather distorted when refined, while not 
significantly contributing to better data-fitting. 
Table 0.1 Crystallographic data for [PtC1 2(4-CO2CH3-py)2] 
Chemical Formula C 14FI1 4C12N2O4Pt 
Fw 540.26 
T,K 150(2) 
Lattice type Monoclinic 
Space group C21c 
A 13.0562(3) 
A 8.2030(2) 
C5  15.3120(3) 
,6, deg 94.4710(10) 
V, A3 1625.99(6) 





D, Mg m 3 2.207 
ji, nun _I 8.978 
Reflections collected 2175 
T1i/T 0.137 /0.280 
Parameters 106 
Ri [F>4a(F)J 0.0665 
wR 0.0431 
S 1.122 
Table 0.2 Crystallographic data for [PdC1 2(4-CO2CH3-py)2] 
Chemical Formula C 14H 14C12N204Pd 
Fw 451.57 
T,K 150 
Lattice type Monoclinic 
Space group P211c 
a..A 3.8413(2) 
b, A 9.7258(6) 
c,A 21.1832(14) 
fl,deg 95.021(4) 
V, A3 788.36(8) 
No. reflections for cell 3731 
2O(°) 27.5 
Z 2 
D, Mg m 3 1.902 
14 nun -1 1.536 
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Reflections collected 2308 
TTflID/TTIaX 0.629 / 0.860 
Parameters 108 
R1 [E>4a(F)] 0.0567 
wR 0.0809 
S 1.078 
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